F A ved
REPORT DOCUMENTATION PAGE g e

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching data sources,

gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection
of information, including suggestions for reducing this burden to Washington Headquarters Service, Directorate for tnformation Operations and Reports,

1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget,

Paperwork Reduction Project {0704-0188) Washington, DC 20503.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
15-05-2015 Final Report July 2011 - Sept 2014

4, TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Cyber Enabled Direct Digital Manufacturing N00014-11-1-0668

5b. GRANT NUMBER
71K70-FDP2012

S5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Abdalla R. Nassar ARL-18848
Edward W. Reutzel

5e. TASK NUMBER
01

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
The Pennsylvania State University Applied Research Labotatory REPORT NUMBER
Office of Sponsored Programs n/a

110 Technology Center Building
University Park, PA 16802-7000

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)
Office of Naval Research ONR
875 North Randolph Street
Arlington, VA 22203-1995 11. SPONSORING/MONITORING
AGENCY REPORT NUMBER
n/a

12. DISTRIBUTION AVAILABILITY STATEMENT
Distribution Statement A - Approved for Public Release

13. SUPPLEMENTARY NOTES

14. ABSTRACT

Developments related to interfacing, sensing, and control of cyber-physical systems that occurred under the Office of
Naval Research “Cyber Enabled Direct Digital Manufacturing” program, award N00014-11-1-0668 are discussed.
Achievements include the development of a digital thread concept for AM. This concept advanced efforts towards a
universal schema for communicating data relevant to AM processes. Taking advantage of the developed schema, direct
interfacing of build-plan with finite element simulations was enabled. Additionally, sensing strategies were
demonstrated, including optical emission spectroscopy for defect detection, and powder flow monitoring for flow anomaly
detection. Real-time control of build plan was also demonstrated and found to significantly impact microstructure and
mechanical properties of the deposited Ti-6Al-4V components. A final notable achievement is the invention of a novel
method for deposition of directed-energy-deposited high-overhanLng structures.

15. SUBJECT TERMS
additive manufacturing, directed energy deposition, sensing, control, open protocol

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF || 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON
ABSTRACT OF PAGES Edward W. Reutzel
SAR 113
. REFORT b. ABSTRACT |c. THIS PAGE 19b. TELEPONE NUMBER (Include area code)
V] U U 814-863-9891

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI-Std 239-18

20\ 50 N0 RE



Applied Research Laboratory
Pennsylvania State University

Final Report:
Cyber Enabled

Direct Digital Manufacturing

Submitted to:
Office of Naval Research

for
Award No. N00014-11-1-0668

Authors:
Abdalla R. Nassar
Edward W. Reutzel

ARL Letter Report
15 May 2015



Fi A d
REPORT DOCUMENTATION PAGE SIS o 107 04 0BT

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing Instructions, searching data sources,

gathering and maintaining the data needed, and completing and reviawing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection
of information, including suggestions for reducing this burden to Weshington Headquarters Service, Directorate for Information Operations and Reports,

1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget,

Paperwork Reduction Project (0704-0188) Washington, DC 20503.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
15-05-2015 Final Report July 2011 - Sept 2014

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Cyber Enabled Direct Digital Manufacturing N00014-11-1-0668

5b. GRANT NUMBER
71K70-FDP2012

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Abdalla R. Nassar ARL-18848
Edward W. Reutzel

5e. TASK NUMBER
01

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
The Pennsylvania State University Applied Research Labotatory REPORT NUMBER
Office of Sponsored Programs n/a

110 Technology Center Building
University Park, PA 16802-7000

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)
Office of Naval Research ONR
875 North Randolph Street
Arlington, VA 22203-1995 11. SPONSORING/MONITORING
AGENCY REPORT NUMBER
n/a

12. DISTRIBUTION AVAILABILITY STATEMENT
Distribution Statement A - Approved for Public Release

13. SUPPLEMENTARY NOTES

14. ABSTRACT

Developments related to interfacing, sensing, and control of cyber-physical systems that occurred under the Office of
Naval Research “Cyber Enabled Direct Digital Manufacturing” program, award N00014-11-1-0668 are discussed.
Achievements include the development of a digital thread concept for AM. This concept advanced efforts towards a
universal schema for communicating data relevant to AM processes. Taking advantage of the developed schema, direct
interfacing of build-plan with finite element simulations was enabled. Additionally, sensing strategies were
demonstrated, including optical emission spectroscopy for defect detection, and powder flow monitoring for flow anomaly
detection. Real-time control of build plan was also demonstrated and found to significantly impact microstructure and
mechanical properties of the deposited Ti-6Al-4V components. A final notable achievement is the invention of a novel
method for deposition of directed-energy-deposited high-overhanging structures.

15. SUBJECT TERMS
additive manufacturing, directed energy deposition, sensing, control, open protocol

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF J18. NUMBER 19a. NAME OF RESPONSIBLE PERSON
ABSTRACT OF PAGES Edward W. Reutzel
SAR 113
a. REPORT b. ABSTRACT c. THIS PAGE 19b. TELEPONE NUMBER (/nclude area code)
u u U 814-863-9891

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI-Std Z39-18



Executive Summary

Under award N00014-11-1-0668, “Cyber Enabled Direct Digital Manufacturing,” significant process was
made in the areas of cyber-systems interfacing, communication construct development, and process
monitoring for Additive Manufacturing. Developments were documented and disseminated in the forms
of more than seven conference presentations, seven peer-reviewed publications (including four journal
articles), and one provisional patent. This program, conducted from July 2011 thru September 2014,
was initially led by Dr. Shawn Kelly and was transitioned to Dr. Edward Reutzel in January 2012. Dr.
Abdalla Nassar was a significant and noteworthy contributor to project efforts.

Primary outcomes of the program include:

1. Development and demonstration of a digital thread for directed-energy additive manufacturing.
Development and demonstration of open communication schemas for directed-energy
deposition processes.

3. Improved understanding of impact of direct digital deposition on thermal build-up and resultant
stress and distortion for TibAl4V, and support for improved modeling and simulation strategies.

4. Direct, automated linking of simulation and sensor data with part build up.

5. Demonstration of real-time control of path plan along with synchronized, multi-sensor data
acquisition.

6. Preliminary development of a defect detection technique for directed-energy deposition based
on optical emission spectroscopy.

7. Invention of a method for deposition of overhanging structures using directed-energy
deposition.
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Background

Interest in use of Additive Manufacturing (AM) techniques for metal-based components has exploded in
recent years, fueled by AM’s promise to cost-effectively build and repair complex designs directly from
CAD, to make parts that are no producible by conventional fabrication techniques, and to repair high
value items that have been removed from service due to corrosion, wear, or other damage. AM
applications of particular interest to the Navy and DoD aerospace community include fabrication and
repair of integrally-bladed rotors {also known as blisks), various other engine components, rib-web
structures for aircraft sub-structures, vertical launch system tubes, and main and auxiliary seawater
valves. The list of potential applications will grow.

The novel capabilities offered by AM, however, come at an expense. Manufacturing of even simple
components via AM is complex, typically requiring hundreds or thousands of individual laser
depositions. Quality assurance for such a complex process requires sophisticated data management
approaches along with the development of in-process sensors and controls.

Developments under the CeMS Program

Under the Navy CeMS program (ONR BAA 11-003) program, the primary needs and open questions
related to the development of a cyber-physical system for AM were assessed. A need to link component
build plans and processing conditions with physics-based simulations was identified as critical for the
improved understanding of the physical processes, as well as for model validation, build-plan
optimization, and verification of part quality. The tight integration of real-time sensing, computation,
and control into AM systems was also identified as a critical requirement to further process
understanding, validation, and control.

In this section, the basic developments related to integrating simulations with build conditions, and with
real-time sensing, computation, and control, will be briefly described. Appendix 1 lists papers and
presentations supported by this work, Appendix 2-6 provides copies of published manuscripts related to
the developments described here, and Appendix 7 contains the patent application covering deposition
of overhanging structures that was supported with this funding.

A Digital Thread for Additive Manufacturing

One of the difficulties in simulation and control of AM processes, as well as in developing fundamental
understanding, is access to processing conditions and build plans. Because many AM machine
manufacturers use proprietary, binary file formats, it is difficult or impossible for operators and
modelers to determine how a part was actually produced. Without essential process parameters, such
as beam power and processing speed, along with vectors and timing of contours and hatches, modelers
have to estimate inputs into their models and experimentalists are sometimes left to wonder “what



went wrong” during part builds. Many modelers have come to rely on hand-coding of individual
contours and hatches—not practical for any complex build. To overcome these limitations, the authors
have developed and published an open-access AMSF file format (Nassar and Reutzel, 2013) to enable
automatic specification and extraction of processing parameters for a variety of metals-based AM
processes.

Further details regarding the development of a digital thread for AM can be found in Appendix 2.

Applications of the Thread

Using the established AMSF file format, the authors have developed and demonstrated two approaches
for direct integration of AM processes with numerical simulation:

1) development and demonstration of software for path-planning and parameter selection for
Optomec LENS Directed Energy Deposition machines; and,

2) development and demonstration of software for reverse engineering build plans and processing
parameters from Optomec LENS machine code.

Both approaches are illustrated in figure 1. In collaboration with Penn State’s Dr. Pan Michaleris, and
through leveraging of his activities supported by DARPA’s Open Manufacturing Program, NSF, and
others, the authors have used these tools to demonstrate the value of direct interfacing between the
build plan and FEA thermal simulation (Reutzel et al, 2012). Such interaction has enabled thermo-
mechanical simulations of complex AM geometries’.

1. Develop and precisely control
pa'_(h plans

=
[ s e o ] l
) T TR ST =
pm—— i = e -
-

il

—_— =1 ' B | FEM simulation (P. Michalerls) of temperature
and thermal stress. Software developed for
CeMS project, was used to generate Inputs for
Imulation. Simulations developed under DARPA

MDF.

- 2. Determine (reverse engineer)
path plan directly from machine
code ' EEEEETTITEN |

Figure 1: Under the current CeMS program, software was developed to link additive manufacturing
systems to FEM simulations via two paths: 1) custom-written software for path-planning and parameter

! Michaleris, P., “FEA Thermal Animation of Wheel Build on Optomec LENS,” 2013. [Online]. Available:
http://www.me.psu.edu/michaleris/research/DDM/wheel m1 ffw.avi. [Accessed: 05-Mar-2014].
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selection; ond, 2) custom-written softwore for reverse engineering build plans and processing
porometers extracted directly from Optomec LENS mochine code.

In addition to developing infrastructure for direct linking between build plan and FEA thermal
simulation, the authors have also developed software and hardware systems that integrate sensors and
controls into a commercial directed-energy-deposition AM machine. Figure 2 is an overview of one
application of the developed system, which enables real time sensing and control of processing
conditions and the build plan within a given slice layer. Using the developed infrastructure, the authors
have demonstrated the ability to alter the intra-layer path-plan in real time based on initial temperature
and boundary conditions using simple, pyrometer sensors (Reutzel and Nassar, 2014).

Distributed, parallel

AM machine control Build plan & sensors and calculators
AM machine Hardware interface compiiter process parameters | connected to central
motioncantroller| ——— (Optomec LENS computer} | controlserver

(Galil DMC-1880) Position and process parameters

Updated build plan and process parameters.

Figure 2: Developed infrostructure for near-real-time sensing ond control of directed-energy AM process

Closed-loop control of build plan

To demonstrate this capability, experiments were conducted in which the order of deposited hatches on
each layer was selected according to a simple criteria: if the temperature at the start of a hatch exceeds
a threshold value for that hatch, skip the current hatch and check the next closest hatch, continue until
all hatches on a layer are deposited (Reutzel and Nassar, 2014). The rationale behind this strategy is
based on the simple understanding that both the local and global thermal field within a part, during
processing, depends upon initial as well as boundary conditions. Control of both global and local
thermal fields is critical, since microstructure, thermal deformation, powder-capture efficiency, and
build geometry all depend on local and global thermal fields. An alternative controller strategy could be
to dwell at the beginning of a hatch until its temperature fell below the desired threshold, but this was
not chosen due to the practical need to minimize the total time for part buildup.

Further details regarding the development of new system architecture and closed-loop, intra-layer build
plan control for AM, can be found in Appendix 3 and Appendix 4.



Powder flow monitoring

The described architectures also enables process monitoring for quality verification. Developed
strategies included powder-flow monitoring and spectroscopy-based defect detection. It is common
knowledge among machine operators and OEMs that directed energy AM systems suffer from a variety
of powder flow variations and interruptions during processing, due to conditions like clogging of one or
more powder nozzle, variations in chamber pressure, or a drop in the pressure of the supply gas. Such
interruptions typically require an operator to identify the anomaly, manually halt processing, resolve the
problem, and then resume the process. Handling such changes in this manner has been shown to result
in microstructural changes (Kelly et al., 2012)—see figure 3. Under this program preliminary efforts
ware made towards the development of a powder flow monitoring system (Reutzel and Nassar, 2014),
shown in figure 4.

Pauses in
Deposition to
clean nozzles

Figure 3: Microstructural changes have been shown to result from interruptions in processing due to
powder flow disruptions (Kelly et al., 2012).
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Figure 4: lllustration of in-process powder flow monitor for directed-energy deposition

Further details regarding the powder monitoring systems for AM can be found in Appendix 3.

Optical emission spectroscopy for defect detection

Under this program, optical emission spectroscopy was also investigated as a means to detect defect
formation. Preliminary results indicate that lack of fusion defects in Ti-6Al-4V parts, produced via
directed energy deposition, may be correlated with atomic titanium (Ti I} and Vanadium (V |} emissions
(Nassar et al., 2014}. The developed software and hardware tools enable real-time acquisition and
synchronization of collected spectra with position and processing conditions. An example of the
correlation between defect location and spectral emissions is shown in figure 5.

Further details regarding the development of closed-loop, intra-layer build plan control for AM, can be
found in Appendix 6.



Hatches # 1-12 Hatches # 13-21 Hatches # 22.28 Hatches # 29-34 Hatches # 35.39
hatch spacing=0.914 mm hatch spacing=1.600 mm hatch spacing=1.372 mm  hatch spacing=1.143 mm hatch spacing=1.829 mm

2 Ha He HB HA10 HI2 H14 HI10 HAI8 H20 H22 H24 H26 H28 H30 H32 H34 H38 H3s
HG. HS H7 H9 H11 H13 H18 HA7 H19 H21 HM23 H28 H27 H20 H31, H33 HGG H37, H3°
L -t

2=
100 1"0 140 60 180 200 2‘0 240
Spoct(um INaex

Figure 5: Top: Cross-section of part wherein lack of fusion defects were purposefully introduced. Bottom:
Analysis of opticol emissions spectro, synchronized with position and collected in reol-time, over one
loyer of the deposition (shown with o doshed line in the top image). Spectrol line emissions (Ti lond V 1)
were detected on hotches where defects occurred.

Deposition of overhanging structures by pulsed, voxel-wise buildup

During these developments, a novel technique for the deposition of overhanging structures by directed-
energy deposition was invented. The method relies upon sequential deposition of individual voxels
using appropriate build parameters, laser settings, and travel vectors. Overhanging structures with
angles, relative to the propagation direction of the laser beam, as high as 60° were demonstrated—far
exceeding what is typically possible using similar equipment (~15-25°).

Additional details regarding use of pulsed lasers for directed energy deposition of overhangs can be
found in Appendix 6. Additionally, a provisional patent U.S. Patent Application Serial No: 62/051,174;
Title: “METHOD FOR MANUFACTURING OVERHANGING MATERIAL BY PULSED, VOXEL-WISE BUILDUP"
has been filed for this invention.



Summary

Significant developments related to interfacing, sensing, and control of cyber-physical systems have
occurred under the Office of Naval Research “Cyber Enabled Direct Digital Manufacturing” program,
award N0O0014-11-1-0668. Significant achievements have included the development of a digital thread
concept for AM. This concept advanced efforts towards a universal schema for communicating data
relevant to AM processes. Taking advantage of the developed schema, directed interfacing of build-plan
and finite element simulations were enabled. Additionally, sensing strategies were demonstrated,
including optical emission spectroscopy for defect detection and powder flow monitoring for powder
anemology detection. Real-time control of build plan was also demonstrated and found to significantly
impact microstructure and mechanical properties of the deposited Ti-6Al-4V components. A final
notable achievement is the invention of a novel method for deposition of directed-energy-deposited
high-overhanging structures.
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Abstract

Additive manufacturing (AM) has been explored by the automotive, aerospace and
medical industries for many years but has yet to achieve wide-spread acceptance. This is
partially due to the lack of standard frameworks for the exchange of data related to design,
modeling, build plan, monitoring, control, and verification. Here, a unified paradigm, built on
Extensible Markup language (XML) -based file formats and influenced by the ASTM F291
standard, is proposed, to record and transmit data at every stage of the AM process. This digital
thread contains all essential parameters, from design to testing of metal-based AM parts while
remaining accessible, traceable and extensible.

1. Introduction

Additive manufacturing (AM) has been explored by the automotive, acrospace and
medical industries for many years. The primary advantage of AM over conventional processes is
the ability to produce complex and customized objects for low-volume or high-end use at a
fraction of the cost and time [1, 2]. Within the aerospace industry in particular, AM of metals
has garnered interest and investment, as illustrated by the acquisition of two additive
manufacturing companies by GE Aviation in late 2012 [3] and the membership of Lockheed
Martin, Boeing and others in the National Additive Manufacturing Innovation Institute [4]. Of
primary interests are the fabrication and repair of rib-web structural components, for aircraft sub-
structures, and engine components [5].

A recent national emphasis on this technology in the U.S. has highlighted the need to
have a unified paradigm for sharing of digital data associated with the process: from design, to
simulation, to build plan, to process monitoring and control, to verification [6]. Standards
organizations, such as ASTM, have already begun to establish file formats that address some of
these data links [7], but additional data formats must be established to realize the greatest
potential of cyber-enabled manufacturing. Ideally, data necessary for part design, manufacturing,
qualification and testing should be part of a single “digital thread” [8]. That is, essential
parameters, from design to testing should be easily accessible, traceable and interoperable with
all machines along the process chain.

In order to address data needs at various stages of AM, it is useful to view the entire
process holistically. The additive manufacturing process can be simplified and considered as
consisting of four phases: part design; path planning; execution of the part buildup; and, testing
and verification. This simplified process description is illustrated in figure 1. Each phase of the
process requires the generation and storage of a wide assortment of data.
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Figure 1: Simplified additive manufacturing engineering process. Feedbacks are illustrated by dashed
arrows.

The first step within the part design phase is the construction of a 3-D object. This is
typically generated as a solid model using 3-D Computer-Aided Drafting (CAD) software. The
surfaces of the constructed object can be described using various file formats including STL or
the, recently developed, Additive Manufacturing File (AMF) file [7]. While the STL file only
describes geometry, the AMF file also allows materials and textures to be specified. ASTM
International, which publishes the AMF standard, has noted that future versions of the standard
may also include dimensional and geometric tolerances and provisions for surface roughness,
support structures and surface textures. It may be noted that some manufacturers design a 3-D
object “preform” to account for expected deformation, shrinkage and final machining of the part.
Another factor that may influence part design is build orientation and support structure
generation. Part orientation may not only determine the feasibility of the process and the required
supports, but also build time and total cost.

Layer by layer slices are next generated using the object surfaces (typically using an STL
file). Each slice along the buildup direction is of a defined thickness, dictated by the process
conditions of the selected AM system, and is described as being two-and-a-half dimensional
(2 Y2 D). Within the slice file, the inner and outer perimeters (or contours) of each slice are
described. Additional information regarding hatching (filling) of each slice may also be
specified. For simple or heavily process-dependent geometries, process planning may be fully or
partially manual, rather than automated. In these cases, machine code is directly generated, by an
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experienced operator, based on desired part geometry and prior process development. That is,
rather than slicing a 3-D object, an operator devises a path plan, which may or may not be layer-
by-layer, to build the object.

Following the generation of slices, a path plan is generated along each slice for part
buildup. At this stage, path optimization—for example, via thermomechanical simulation—can
be considered by taking constraints, e.g. build time, fixtures, and deformation, into account.
Optimization of thermal history to produce a desired microstructure or to minimize residual
stresses may also be considered here. Machine-specific processing parameters must also be
specified for path planning. Although critical to defining the final geometry, microstructure,
material properties, residual stresses and distortion of the final part, path planning and process
data are typically not saved at this point. Instead, machine code is directly generated. While
machine code is sufficient for replication of a process on a specific vendor’s machine (assuming
that essential process variables during part buildup are identical), it cannot be directly used to
numerically simulate the process or to reproduce the process using a different vendor’s
technology. Additionally, interruptions of the buildup process, for example to heat-treat the part,
clear a clogged powder nozzle or correct a problem with a wire feed, cannot typically be
accounted for within the machine code. As previously noted, a path plan may also be partially or
fully manually encoded. Inability to compare machine-to-machine build plans has been identified
as a key challenge to structural design and qualification and certification of AM parts [2].

During the execution phase, the part is built-up contour by contour and hatch by hatch
according to the machine code. Note, parts need not necessarily be built-up layer by layer. Each
hatch and contour can be thought of an individual clad or weld. When thought of in this way, the
need for recording of “essential variables”, a term borrowed from the welding industry, along
cach clad or weld becomes readily apparent. While essential variables, such as processing power,
translation speeds, part temperature, flow conditions, processing pressure, oxygen concentration,
etc.., may be monitored for quality control, continuous recording of these variables is generally
not done—no standard format exists for saving this data. Additional data may also include digital
video or still images, e.g. melt pool shape or temperature, or measurement of real-time part
deformation. Such data can also be fed back for real time process control, e.g. height or melt
puddle control.

An additional step, not included in the simplified additive manufacturing engineering
process shown in figure 1, is post processing of the part. Specifications for post processing of the
part may be conceived within the design and planning phase and implemented at the end of the
execution phase or following the testing and verification phase. Heat treatment of AM parts has
been shown to have a significant effect on their mechanical properties [9]. A natural extension of
the work presented here is the formulation of a standard format describing post processing and
heat treatment.

2 Data Standards

To date, standards development has focused on the early stages of the additive
manufacturing engineering process, specifically defining the part geometry that can be fed to
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proprietary slicing and process-planning code. Several of the leading 3-D and 2 '2-D standards
are described in this section and illustrated in figure 2.

2.1 Part Design—3-D standards

Part design, as shown in figure 1, is defined here as encompassing the 3-D design along
with slice data. Common 3-D and slice file formats are shown in

figure 2 (adapted from [10]). As indicated in figure 2, the STL format is the de facto
standard for transmission of 3-D design data. One challenger to the STL format is the 1ISO 10303
standard [11]. The 10303 standard, also known as STEP, has been championed by some [12] as
the standard which ought to replace the STL standard within the AM community. Another,
newly introduced competitor is the ASTM F2915 (AMF file) [7] standard. As will be discussed
below, the ASTM F2915 standard has a foothold within the AM community and is rapidly
gaining popularity.

Input Data Common Formats Standard
Ry ~" ‘
Solid Model Cubital Facet List (CFL), Drawing Exchange |
Diai e Format {DXF), Initial Graphics Exchange S R TS
3-D I\ieSh . Specification (IGES), ISO 10303 {STEP), Rapid StardaE
Point Cloud Data Prototyping Interface {RPI), STereolLithography
(STL), Surface Triangles Hinted (STH)
AL i
e YT \‘
Common Layer Interface {CLI), Hewlett-Packard
Scan Data :
| Graphics Language {HPGL), Layer Exchange
Yo- : 1 None
2%-D slice (Contour) Data |  Asc)l Format (LEAF), 3D Systems layer interface
k (SLl), 3D Systems layer contour files {SLC)
L P I/ /

Figure 2 Common file formats of 3-D and slice files. Adapted from [10].

2.1.1 Standard Tessellation Language Standard

The de facto standard representation of 3D part geometries is the Standard Tessellation
Language (STL) format. This representation describes object surfaces using a triangular mesh.
Each triangular facet is specified by a unit normal and three vertices. Facets are ordered
arbitrarily while the order of vertices, following the right-hand rule, indicates the exterior of the
object. An excerpt from an STL file, encoded in ASCIL, is shown in figure 3(a).

In addition to its simplicity, the STL format has endured for over two decades due to
several advantages. Expressing solids using triangular facets is “simple, robust and reliable”
[12]. STL files are also accurate and, when saved in binary format, small [13]. Additionally, the
format can accommodate a wide range of 3D representations [12].

The triangular facet approximation and the STL file schema do however have several
drawbacks. While the triangular facet approximation is generally accurate, representation of
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curved surfaces can require a very large number of facets resulting in large file size. Redundancy
of information contained within the file format, such as multiple vertices belonging to different
facets and explicit inclusion of surface normals, which can be inferred from the order of vertices,
also contributes to large file sizes. Another problem is that the format contains no scale
information; AM slicing software is often left to guess the units based on part dimensions. The
lack of topological information in STL files also contributes to gaps, degenerate and overlapping
facets, and non-manifold topologies [12]. Other information, such as material, texture and life-
cycle data are also not included within the STL format.

sclid Pyramid_Smm

(@]

facet normal -8.94426%2e-001 0.000000e+000 4.472144e-001

outer loop

vertex 2.514571e-005 2.514571e-005 2.500000e-005
vertex 2.500030e+000 2.500025e+000 5.000024e4+000
vertex 2.514571e-00% 5$.000025%e+000 2.500300e-005

endloop
endfacet

facer pormal -7,.757916e-017 -8.944268e-001

outer loop
vertex 5.
vertex 2.
vertex 2.
endloop
endfacet

facet normal 0.
outer loop
vertex 5.
vertex 5.
vertex 2.
endloop
endfacet
facet normal 0.
outer loop
vertex 2.
vertex 5.
vertex 2.
endloo
endfacet
endsolid
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150-10308-21;

HEADER

FILE_DESCRIPTION (( 'STEP AP214' ),
1)

FILE_ MAME (*...' ):

(b)

FILE_SCHEMA (( '...° )):

ENDSEC:

DATA:

$1 = CLOSED_SHELL ( ‘NONE', ( #1857, 87, #158, 88, #9 ) ) :
$2 = VECTOR ( 'NONE', #119, 1000.000000000000200 ) :

#3 = AXIS2_PLACEMENT S$D ( 'NONE‘, #158, $100, #103
#4 = VECTOR ( 'NONE®, #il4, 1000.000000000000000 }
#5 = AXIS2_PLACEMENT_3D ( 'NONE', #135, #131, #130
46 = AXIS2 PLACEMENT D ( °*NOWE', $152, $127, #126
#7 = ADVANCED FACE ( *NDNE', ( #137 ), $#136, .T. )
#5 = ADVANCED_FACE ( °*NOWE', ( #155 ), #139, .T. )
49 = ADVANCED_FACE ( °*NONE', ( #129 ), #134, .F. ) ¢
$10 = EDGE_CURVE ( °*NDNE‘', #1490, #141, #121, .T. ) :

[P IR IR

000025¢4000 2.500000e-00%

000 000

5145712-00%
00002%e+000
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5.

2
2

-1.

000025e4000 2.500000e-005

.$14571e-00% 2.500000e-005

t148
4149
#1350
$151
#1852
$15%
$154
$155

={ NAMED_UNIT ( * ) SI_UNIT { §,

-STERADIAN. )} SOLID_ANGLE_UNIT ( ) ):

= ORIENTED EDGE ( °*NONE', *
= ORIENTED_EDGE ( °'NONE', «
= DRIENTED EDGE ( °'NONE', * .
= DRIENIED EDGE ( ‘NONE‘, =+, +, #10, .T. :

= PRODUCT ( 'Pyramid Smm°, ‘Pyramid_Smm', '*, ( 462 ) ) :
= APPLICATION_ CONTEXT ( ‘autcmotive_design® ) ¢

= APPLICATION_CONTEXT ( 'auccnocive_deslqn' N

2 1 I

<
e
=
&

o

.514571e~005

2.50G000e-005

$156
$157
$is8

= ADVANCED_BREP_SHAPE_REPRESENTATIDN ( ‘..., ¢ #44, #35), #30) :
= ADVANCED_FACE ({ ‘NONE', ( $112 ), #74, .T. )} ¢

= ADVANCED_FACE ( 'NONE', ( #69 ), 93, .T. )

$159 = PRODUCT_DEFINITICN ( 'UNKNOWH', **, #34, $39) :

$160 = PRODUCT_RELATED_PRODUCT_CATEGORY { ‘part®, **, ( #155 ) ) :
ENDSEC:

END-1SC-10505-21;

Figure 3: Comparison of an (a) STL file with a {b) STEP file, both in ASCII format.

2.1.2 1SO 10303 Standard

The ISO 10303 standard, informally known as STandard for the Exchange of Product
model data (STEP), was developed by the International Standards Organization (ISO) with the
aim of establishing a single standard for product life-cycle data [11]. Life-cycle data extends
beyond geometric data, such as that included in an STL file, and was envisioned to include all
information regarding a product—from initial design to disposal.

STEP data are transferred between systems using a neutral 10303 format. An excerpt of a
STEP file is included in figure 3(b). Schemas, descriptions of the structure and restraints on
contents, of entries within the 10303 format are specified in the EXPRESS language. The
EXPRESS language was initially developed for 3D geometrical modeling but, much like XML,
can be extended to include any type of entity [14]. Data exchange standards defining the neutral
10303 format are called Application Protocols (APs). A large number of Application Protocols
have been written, including those defining neutral file formats for exchanging drafting, 3D
designs, structural analysis, electronic assembly, dimensional inspection, plant spatial
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configuration, material, verification, product life cycle and numerical control process plan data
[15].

The use of STEP for additive manufacturing processes has been championed by several
authors—see [12] and references therein. A primary advantage of using STEP is its ability to
transfer not only process parameters and planning data but also “the results of build simulation
and analyses on how different scan strategies will affect the final part” [12]. However, APs
specific to additive manufacturing have yet to be developed. Other barriers facing the adoption
of STEP for AM applications include the required familiarity with the, very complex, EXPRESS
language and slow development of APs, compared with XML standards [14].

2.1.3 ASTM F2915 Standard

The ASTM F2915 standard specifies an XML (Extensible Markup Language) -based file
format for additive manufacturing files [7]. XML hold several advantages over the EXPRESS
language and other formats: it is self-describing and human-readable; it is simple to understand
and use; and, it is ubiquitous and commonly used for online data exchange [16]. In addition to
this, XML is extensible by nature—users can create and define tags, as they wish, to meet their
specific needs. Files which conform to the ASTM F2915 standard are known as Additive
Manufacturing File (AMF) files.

Within an AMF file, object surfaces are described by a triangular mesh. As in the STL
format, each triangle is specified by a unit normal and three vertices. However, unlike the STL
format, the AMF standard allows definition of curved triangles, in order to better model curved
geometries using fewer triangular facets, and includes material, texture and constellation
descriptions. Additional information can also be included as metadata. Metadata elements can be
used to specify attributes of the overall file, such as authorship and part description, or attributes
of surfaces, materials, textures or constellations. Moreover, the AMF format is such that STL
files can be converted to AMF files directly and without loss of information [7].

A complete description of the AMF file is available in ASTM F2915 standard [7]. Here,
portions of the file structure will be summarized for the reader’s convenience. Five top-level
elements are specified within the AMF file format [7]: <object>, <material>, <texture>,
<constellation> and <metadata>. All five elements are children of an <amf> element, which is
the root element and are specified as follows.

e Surfaces of one or more build objects are defined within <object> elements.

e The <object> element requires the definition of a child mesh element, <mesh>.

e The <vertices> element is a child of the <mesh> element and contains a list of implicitly
numbered vertex coordinates, contained within <vertex> element.

e Cartesian coordinates of each vertex are defined within a <coordinates> element, which
is a child of the <vertex> element and contains the <x>, <y> and <z> elements as
children.

¢ The object element must also contain at least one volume element, <volume>, which is a
sibling of the <mesh> element.
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e The <volume> element defines a closed surface based on the mesh of <triangle>
elements.

e Each <triangle> elements is a child of the <volume> element and contains three vertices
within <v1>, <v2> and <v3> elements.

¢ Contained in each of the <v1>, <v2> and <v3> elements is an index of a previously
defined vertex.

Materials specified within <material> elements are referenced to within each <volume>
element. Multiple materials, as well as mixed and graded materials, can be specified.
Additionally, 2-D and 3-D texture maps can be encoded within the AMF file as a string of bytes
(Base64) within the <texture> element. The <constellation> element can be used to specify the
position and orientation of multiple objects. Any other attributes of the overall file or of surfaces,
materials, textures or constellations can be included within <metadata> elements. An excerpt of
an AMEF file is shown in figure 4.

<?xml version="1.0" encoding="utf-8"?2>
<amf unit="millimeter™ version="1,0" xml:lang="en">
<material id="1">
<metadata type="Name">Ti6é4</metadata>
</material>
<object id="0">
<mesh>
<vertices>
<vertex>
<coordinates>
<x>0.000</x><y>0.000</y><z>0.000</z>
</coordinates>
</vertex>

<vertex>

<coordinates>
<x>5,000</x><y>5.000</y><2>0.000</ 2>

</coordinates>

</vertex>

</vertices>

<volume materialid="1">

<triangle>
<V1>0</V1d<v2>1</v2><v3>2</v3>

</triangle>

<triangle>
<V1>2</v1><v2>3</v2><v3>0</v3>
</triangle>
</volume>
</mesh>

</object>
</ant>]

Figure 4: AMF file.

Although many have tried to modify, extend or replace the de facto standard of the STL
file, the AMF file and other standards developed by the ASTM F42 committee have a promising
chance of gaining hold within the additive manufacturing community. Reasons for this include
the participation of a number of influential leaders in the AM field, including research
laboratories, software developers, machine manufacturers, part fabricators, and the Society of
Manufacturing Engineers’ (SME) Rapid Technologies and Additive Manufacturing (RTAM)
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community [17]. Furthermore, the signing of a cooperation agreement between the ASTM F42
and I1SO Technical Committee 261 allows for fast-tracking of ASTM standards as ISO standards
[18]. Several popular commercial slicing packages, including Materialise® Magics 17 and
netfabb, already support the AMF file format.

As a result of its origins in rapid-prototyping with non-metallic materials, a primary
limitation of the ASTM F2915 standard is that not all essential data pertinent to laser- and
electron-beam-based AM processes can be easily specified within an AMF file. For instance,
information regarding the sequence and timing of deposition paths has been shown to influence
the microstructure, residual stresses, and deformation of laser-deposited components [5] [19]
[20]. The standard does allow for inclusion of non-standard data as metadata or as a new,
unofficial element. According to the ASTM F291 standard [7], unofficial elements can be
ignored by readers until officially accepted into the standard. However despite this advantage,
the standard does not provide a clear framework for the inclusion of essential parameters
required for replication or numerical modeling of a 3D part build. Specification of the laser or
electron-beam deposition path would require the generation of a complex arrangement of
<metadata> elements or the creation of unofficial elements. This however undermines several
advantages of the XML Schema defined by ASTM F291—that it is intuitively structure, simple
and standard.

2.2 Part Design—2 1/2-D Standards

Whereas 3-D data currently has a de facto, technology-independent, standard, in the form
of an STL file, no de facto standard exists for slice data. Rather, several open-source and
proprietary file formats are used, including Common Layer Interface (CLI), 3D Systems layer
interface (SLI), 3D Systems layer contour files (SLC) and Layer Exchange ASCII Format
(LEAF). Vendor-specific file formats are also often referred to as SLC or SLI files [3]. Among
these formats, the open-source CLI is notable for its simplicity—slices are defined using polyline
contours which specify both external and internal boundaries. Additionally, the CLI files format
standard is freely available, both in American Standard for Information Exchange (ASCII) and
binary encoding, on the internet (http://www.forwiss.uni-
passau.de/~welisch/papers/cli_format.html).

CLI files begin with a header section which contains information regarding the file type
(binary or ASCII), the units and the file version. The header may also contain the date, the
coordinates of a bounding box, which contains the part, the number of layers used to construct
the part as well as comments regarding the software used to produce the slice or the author.
Contained within the body of a CLI file are geometric commands specifying coordinates of
polylines used to construct outer and inner contours as well as hatches. Outer contours are
specified using a counter-clockwise ordering of points while inner contours are specified using a
clockwise ordering, when viewed in the negative build-up direction. A direction parameter is
also included to reaffirm the ordering and indicate open lines, which can be used to indicate
hatching or support structures [21]. A full description of the file format is available online [22].

2.3 Process planning standards
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Processing paths are typically specified based on hatches constructed within slicing
software, taking into account processing parameters such as hatch spacing and layer thickness, or
directly by the AM machine’s internal software. In most cases, planning and process data are not
saved. Rather, machine code is directly generated. No standard specifications exist for
transmitting technology-neutral processing paths and parameters. It may however be noted that
the Hewlett-Packard Graphics Language (HPGL) [23], originally developed as a command set
for pen plotters, and G-code [24] are commonly used with AM machines.

2.4 Execution and Verification Standards

No standards currently exist for data produced and recorded during the execution and
verification phases of the AM process, e.g. temperature history, deformation, gas flow
parameters, microstructure, tensile properties, etc... The ASTM F42 committee has to date
released four standards related to additive manufacturing: Standard Terminology for Additive
Manufacturing—Coordinate Systems and Test Methodologies (F2921), Standard Specification
for Additive Manufacturing Titanium-6 Aluminum-4 Vanadium with Powder Bed Fusion
(F2924), Standard Terminology for Additive Manufacturing Technologies (F2792) and Standard
Specification for Additive Manufacturing File Format (F2915). Many more proposed standards
are currently being developed; including, New Practice for Reporting Results of Testing of
Specimens Prepared by Additive Manufacturing (WK30107), New Guide for Conditioning of
machines and performance metrics of metal laser sintering systems (WK25479) and New
Practice for Machine Operation for Directed Energy Deposition of Metals (WK37654).

Some of the proposed standards currently under review by the ASTM F42 committee
may meet the need for standardized data formats at some phases of the AM process. For
example, perhaps the New Practice for Reporting Results of Testing of Specimens Prepared by
Additive Manufacturing (WK30107) may provide a standard way for reporting data recorded
during the verification and validation phase. In the meantime, however, there is a clear and
imminent need for standardized, or at the least open and easily-understood, formatting to enable
definition of essential process data necessary for numerical simulation, replication and validation
of numerical simulations, as well as for recording specimen test data.

3 A Proposed Digital Thread for AM

Rather than attempt to modify the AMF file format to include all the data required at
every stage of the AM process, it is proposed that additional file formats be produced, each
containing data, or a subset of data, pertinent to a specific phase of the process. Each format will
mirror the example set by the ASTM F291 standard; the file formats will aim to be technology-
independent (where possible), easy to understand, scalable, require reasonable computer
resources to read and write, backwards compatible with existing file formats (where possible)
and allow for easy extensibility to accommodate advances in technology. Like the ASTM F291
standard, data will be encoded in XML [16]. The proposed files are summarized in table 1 and
will be discussed in the next sections. Together, the files will form a common digital thread. This
digital thread will enable designers, manufacturers, end-users and modelers to easily transfer
information and speak a common language with the ability to access only information which is
of interest or all data at every phase of the AM process. Work is currently underway at Applied
Research Laboratory at Penn State University to utilize the formats proposed here. This is
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viewed as key to cross-linking ongoing experimental work with simulation capabilities and
verification efforts. This publication will only deal with the part design and process planning
phases. The execution and testing phases are more complex and will be the topic of a future
publication.

Table 1: Proposed file formats to contain data necessary at
every phase of the additive manufacturing engineering

process
File

Phase Data Type Format
RADeS{er 3-D Design AMF

Slice AMSF
Process Path Plan

. (and processing AMPF

Planning

parameters)

. Sensor Data and
eguiiEn Qualification Record AMQE

Testing g;:;ﬂcatlon and Validation AMVE

3.1 Slice

In addition to the AMF file, used to specify the 3-D design, four additional file formats
are believed necessary and will be specified. The Additive Manufacturing Slice File (AMSF)
will contain data regarding the slicing of the 3-D object and will be backwards compatible with
the CLI file format. The AMSF will form part of the digital thread connecting all AM files. As
such, information regarding the material, texture and color and constellation may be inferred
from the AMF file. For example, the “materialid” attribute may be used within the AMSF to
refer to a material defined within the AMF file. Alternatively material, texture, color and
constellation data may also be specified within AMSF, following the AMF file standard. For
cases in which both AMF and AMSF specify this data, data in the AMSF shall take precedence.
An excerpt of the proposed AMSEF file format is shown in figure 5.

As with the CLI format, the AMSF format will represent slices along the z-axis (the
build-up direction as defined by ASTM F2921 [25]) using a polyline representation of the slice
contours (boundaries). The definition of inner and outer contours as well as open lines and
hatches will be identical to the CLI format [22]. Outer contours will be specified using a counter-
clockwise ordering of points while inner contours will be specified using a clockwise ordering,
when viewed in the negative build-up direction. As with the CLI format, a direction parameter
will also be included to reaffirm the ordering and indicate open lines. Hatches will also be
specified as in the CLI format, start and end (x,y) coordinates will be specified for each hatch.
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<?xml version="1.0" encoding="utf-8"?>

<amsf angle="degree" unit="millimeter" version="1.0"

xml:lang="en">
<object id="0">
<transformation>
<translation>0</translation>
<rotation>0</rotation>
<scaling>1</scaling>
</transformation>
<dimension>
<x1>0</x1>
<yl>0</yl>
<z1>0</z1>
<x2>5</x2>
<y2>5</y2>
<z2>5</72>
</dimension>
<slices materialid="1">
<numberOfSlices>19</numberOfSlices>
<slice>
<z>0.254</z>
<polyline>
<direction>1</direction>
<points>
<numberOfPoints>5</numberOfPoints>
<pointCoordinates>
<p1x>0.12701</p1x>
<ply>4.873</ply>
<p2x>0.12701</p2x>
<p2y>0.12701</p2y>
<p3x>4.873</p3x>
<p3y>0.12701</p3y>

<p4x>4.873</pax>
<pdy>4.873</pdy>
<pSx>0.12701</pSx>
<p5Sy>4.873</pSy>
</pointCoordinates>
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</points>
</polyline>
</slice>

<slice>
<2>4.826</z>
<polyline>
<direction>1</direction>
<points>
<numberOfPoints>5</numberOfPoints>
<pointCoordinates>
<plx>2.413</p1x>
<ply>2.587</ply>
<p2x>2.413</p2x>
<p2y>2.413</p2y>
<p3x>2.587</p3x>
<p3y>2.413</p3y>
<pdx>2.587</pax>
<pdy>2.587</pdy>
<pSx>2.413</pSx>
<p5y>2.587</pSy>
</pointCoordinates>
</points>
</polyline>
</slice>
</slices>
</object>
</amsf>




Figure 5: Structure of proposed AMSF file format.

ldeally, all axes coordinates should conform to the ASTM F2921 standard [11]. This
standard specifies an absolute, right-handed coordinate system having an origin at the center of
the build volume, a Z-axis pointing in the build-up direction, an X-axis parallel to the front of the
machine (pointing from left to right) and a Y-axis perpendicular to the X and Z axes. There is
however a potential conflict between the ASTM F2921, coordinate system, standard and the
ASTM F2915, AMF file, standards, as well as with the standard proposed here. The AMF file
standard was designed for backwards compatibility with STL files. However, STL files typically
require positive coordinates. While some software, such as SolidWorks 2012, do allow export of
STL files with negative coordinates, others, like AutoCAD 2012, do not allow this. Therefore,
vertex coordinates for files directly converted from STL to AMF will not conform to the ASTM
F2921, coordinate system, standard. Moreover, some slicing formats, such as CLI and SLI, do
not typically support negative coordinates—unsigned integers are typically used to encode point
coordinates. Therefore, files directly converted from the CLI format to the proposed AMSF
format may also not adhere to the ASTM F2921, coordinate system, standard. This seemingly
trivial conflict may result in significant confusion at later stages in the digital thread—for
example, in identifying the location where sensor data was recorded. Therefore, to maintain
backwards compatibility to the STL and CLI formats, maintain compatibility with existing
drafting and slicing software and reduce confusion, it is recommended that all coordinates be
specified in the positive X-Y-Z octant within the initial AMF file. Additionally, any translation,
rotation or scaling from the original AMF file should be specified within the AMSF.

One more point should be made with respect to the Z-axis coordinates of Slice files. The
first slice (z=0) is typically empty. Some slicing software specify an empty first slice (at z=0),
others begin with the first slice for which contours can be defined (at z= slice thickness). That is,
since there is nothing to be sliced through at the bottom of the part, contours are not specified.
Therefore, the first slice for which contour coordinates are specified will be where the z-axis
equals the slice (layer) thickness. This may cause some confusion as some deposition systems
define the starting position of the process at z=0. Slices can be thought of as defining the top z-
coordinate of each layer.

The file declaration will be identical to that specified within the AMF file. The <amsf>
element will be the root element. Within the <amsf> element, the version and unit attributes will
be specified as in the AMF file but an additional attribute, angle, will be added. Possible values
for the angle attribute will be “degree” and “radian.” In its absence, “degree” will be assumed as
the value of the angle attribute. Also, as in the AMF file, <metadata> elements will be used to
specify file name information as well as any additional element or object information. Other
elements will be specified as follows:

e The <object> element will be a top-level element. Within it, a unique identification
number, id, attribute will be contained beginning with “0,” for the part. The id number
should equal the objectid, specified within the AMF file, of the sliced object.

e The <transformation> element will be a child of the <object> element. The <translation>,
<rotation> and <scaling> elements will be children of the <transformation> element.

30



Their element contents will specify translation distance, rotation angle and scaling factor,
respectively, applied to the part, specified within the AMF file, prior to slicing.
Transformation order shall be implied by the order of the <translation>, <rotation> and
<scaling> elements.

The <dimension> element will be a sibling of the <transformations> element and will be
used to specify the boundaries of a bounding box which contains the part. Note that the
bounding box should enclose the object, described in the AMF file, to be sliced, not just
the slices. Coordinates of the boundary box will be specified within the contents of the
<X1><yl>,<z1>,<x2>,<y2> and <z2> elements, which will be children of the
<dimension> element. Coordinates should be specified such that the contents of <x1> are
less than <x2>, etc...

The <slices> element will be a child of the <object> element. It will contain the
<numberOfSlices> element and the <slice> element. An optional materialid attribute may
be specified within the <slices> element. This attribute should refer to a material
specified within the AMF file or within the AMSF.

The number of slices specified for the object will be contained within the
<numberOfSlices> element. If included, an empty first layer counts towards the total
number of layers.

The <slice> element will be a child of the <slices> element and a sibling of the
<numberOfSlices> element. In the case of graded materials, an optional materialid
attribute may be specified within the <slice> element instead of the <slices> element.
This attribute, which allows for graded structures, should refer to a material specified
within the AMF file or within the AMSF.

Children of the <slice> element will include the <z> element along with the <polyline>
element.

The contents of the <z> element will define the z-axis coordinate at which a slice through
the object, specified in the AMF file, was made. That is, the z-coordinate specifies the top
of each layer.

The <polyline> will have the <direction> and <points> elements as children.

The contents of the <direction> element will be a redundant specification of the polyline
orientation, where 0 indicates an internal contour, 1 an external contour and 2 an open
line. To maintain compatibility with CLI files, open lines may be used to specify hatches
or support structures. Orientation will be defined by the <direction> element in case of a
discrepancy between the order of points and the <direction> element.

The <numberOfPoints> element will be a child of the <points> element and will contain
the number of points used to construct the polyline.

The <pointCoordinates> element will be a child of the <points> element and will contain
<plx>,<ply>,<p2x>,<p2y>,...,<pnx>,<pny> as children elements—the x and y
coordinates of points along the polyline will be the contents of these elements. A
clockwise ordering of points, when viewed in the negative z (build) direction, will
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indicate an internal contour while a counter-clockwise ordering will indicate an external
contour. The first and last coordinates along each polyline must match for closed
contours.

Hatches can also be optionally included within the AMSF within a <hatch> element. In the
absence of a path specification within the path plan file, which will be described in Section 3.2,
the hatching contained within the AMSF shall be assumed to describe the processing path. An
excerpt of the hatch contained within an AMSF is shown in figure 6. Note that, though hatches
provide a machine or scan path, alone they do not provide enough information to perform
machine programming or simulation, i.e. information such as the processing speed, laser/E-beam
parameters and material feed rate are not included.

¢ The <hatch> element will be the child of the <slice> element.

¢ The <numberOfHatches> element and < hatchCoordinates > element will be children of
the <hatch> element.

e The contents of the <numberOfHatches> element will be the number of hatches.

e The <hatchCoordinates> element will contain <hplsx>, <hplsy>, <hplex>, <hpley>,...,
<hpnsx>, <hpnsy>, <hpnex>, <hpney> as child elements. The x and y coordinates of the
start and end points of each hatch will be the contents of these elements.

<hatch>

<numberOfHatches>9</numberOfHatches>

<hatchCoordinates>
<hplsx>0.12701</hplsx>
<hplsy>0.40201</hplsy>
<hplex>4.873</hplex>
<hpley>0.40201</hpley>
<hp2sx>0.12701</hp2sx>
<hp2sy>0.95201</hp2sy>
<hp2ex>4.873</hp2ex>
<hp2ey>0.95201</hp2ey>

<hp8sx>0.12701</hp8sx>
<hp8sy>4.252</hp8sy>
<hp8ex>4.873</hp8ex>
<hp8ey>4.252</hp8ey>
<hp9sx>0.12701</hp9sx>
<hp9sy>4.802</hp9sy>
<hp9ex>4.873</hp9ex>
<hp9ey>4.802</hp9ey>
</hatchCoordinates>
</hatch>

Figure 6: Example of hatches contained within an AMSF

3.2 Path Plan

Data regarding the path plans and processing parameters, such as power, speed and time
will be contained within an Additive Manufacturing Path File (AMPF). This file captures the
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information necessary to generate machine code to drive a scanner or linear stages and to control
the energy source, or to perform a thermomechanical simulation. While the path (AMPF) file
contains sufficient data for reconstruction of slices (AMSF), it will be distinct in that it contains
points and vectors describing the path of deposition as well as essential processing parameters
required for replication and modeling. In contrast, the slice file exclusively contains a slice-
based representation of the part. In other words, although geometric data contained within the
AMF and AMSF files can, in principle, be reconstructed using the AMPF, they will be kept
separate to ensure compatibility and ease of comparison with STL and CLI file formats,
respectively, while still remaining part of the continuous digital thread. For cases in which
AMSF contains hatch information and AMPF specify paths, data in the AMPF shall take
precedence, with respect to the actual deposition path.

The path plan file (AMPF) will be structured similar to the AMF and AMSF files. An
excerpt of an AMPF is shown in figure 7. The file declaration will be identical to that specified
within the AMF and AMSF files. The <ampf> element will be the root element. Within the
<ampf> element, the version unit and angle attributes will be specified as in the AMF file but
additional attributes, time, mass, temperature, pressure, energy, power, voltage, current and flow
will be added. Possible values for each attribute, along with default values, are given in table 2.

Table 2: Attributes contained within the <ampf> element specifying units.

Attributes Possible Values Default Value
. “millimeter”, “inch”, “foot”, s
unit a —— » millimeter”
meter”, “micrometer

angle “degree”, “radian” “degree”

time “second”, “millisecond”, “hour” “second”

mass “gram”, “kilogram”, “pound” “gram”

temperature “celsius”, “fahrenheit”, “kelvin” “celsius”

pressure “pascal”, “bar”, “atm”, “torr”, “psi”  “pascal”

energy “joule” “joule”

power “watt”, “kilowatt” “watt”

voltage “volt”, “kilovolt” “kilovolt”

current “ampere”, “ampere”
“liter”, “gallon”, “cubicCentimeter”,

volume “cubicMeter”, cubiclnch”, “liter”
“cubicFoot”

Variables essential for modeling and reproducing the process will be contained at the
beginning of the AMPF file. In determining which process variables ought to be specified, Weld
Process Specification (WPS) standards adopted by the American Welding Society (AWS
C7/C7.4M [26]) as well as by the American Society of Mechanical Engineering (ASME Boiler
and Pressure Vessel Code, Section [X [27]) provide a starting point for specification of essential
variables in AM processes. Both codes specify similar variables. It may be noted that equivalent
or analogous variables are also used in electron beam welding WPS [28]. It should also be noted
that many processes may not require specification of the all parameters and variables discussed
in the following paragraphs. For those processes, users may wish to specify only those
parameters which are essential to their process.

33



Many of the variables contained within WPS specifications for laser and electron-beam
welding are directly applicable to additive manufacturing processes using lasers and electron
beams. The recently adopted ASTM F2924 [29] standard also provides guidance as to which
variable ought to be specified in AM processes. The XML language is especially well-suited for
recording and transmitting such structured data. Within the AMPF, general data, such as the
company information, date of production and a tracking or part number will be contained within
a <general> element. All other data regarding the process will be contained within a <process>
element which also contains an “id” parameter. This process id may be referenced further down
the digital thread, within the AMVF. The reader is referred to figure 7 for an example of how
process variables will be specified. In addition to specification of process variables, the option
for including technical drawings or diagrams is also included. Within the <drawing> element,
metadata describing the file contents, formatting, size and location will be included—the schema
for this is loosely based on the Dublin Core Metadata Element Set (DCMES) vocabulary [30]. In
this sense, “virtual datasets” of technical drawings can be constructed without incurring the high

costs of data reformatting and transfer [31].

To be clear, the AMPF is not intended to be a qualification record. Variables recorded
during processing will be recorded separately in a verification file (AMVF) which may then be
used to qualify parts. A list of variables to be specified within the AMPF is shown in table 3. The
structure and sample content of elements associated with these variables is illustrated in figure 7.

Table 3: Variables included in the proposed AMPF

Variable Parent Element . Child Element

Variable(s)
Category Type Type
General <general> Company Name <company>

Date <date>

Process/Part Number <number>

. . <laser>/<eBeam>,
Laser/E-beam Settings, optics, . / .
: ; . <optics>, <environment>,

Process <process> environment configuration,

materials, drawings

<configuration >,
<base>, <filler>, <drawing>

Laser/E-beam
Settings

<laser>/<eBeam>

Process category as specified
by ASTM F2792
Wavelength/Voltage
Current, Filament Type
Nominal beam profile at work
piece

Laser Beam Quality/ E-beam
raster

Operating Mode

Power

Pulse parameters: Energy,
rate, length

<category>

<wavelength>/<voltage>
<current>, <filament>

<profile>

<quality>/<raster>

<mode>
<power>

<energy>, <rate>, <length>

Beam delivery

optics

<optics>

Laser Polarization
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Spot size at work piece

<spotAtWorkpiece>

Environment

<environment>

Chamber pressure (absolute
not gauge)

Gas compositions

Flow rates, Gas pressures
Flow orientation

<chamberPressure>

<gas>
<flowRate>, <gasPressure>
<flowQrientation>

Process
configuration

<configuration>

Angle of beam relative to part
normal vector

Controlled substrate
temperature, cooling or
heating

Preheating, interpass and
post heat treatment

Process Interruptions

<beamAngle>

<substrateTemperature>,
<substrateCooling>,
<substrateHeating>
<preHeating>,
<interpassHeating>,
<postHeating>
<Interruption>

Base Material <base> Type <type>
Standard classification: <mNumber>, <uns>,
M-number, UNS,ASTM Grade <astmGrade>
Shape <baseShape>
<baseThickness >,
Geometry: thickness, length <baseXDimension>,
along x-axis, length along y- <baseYDimension>,
axis <baseXCurvature>,
<baseYCurvature>
Description <description>
Filler material <filler> Type <type>
Standard classifaction: UNS, S ST
ASTM Grade !
Shape {wire or powder) <shape>
Dimensions: size, distribution,  <size>, <distribution>,
tap density <tapDensity>
Total mass feed rate <massFeedRate>
Method of delivery <deliveryMethod>
Number of feeders <numberOffFeeders>
P95|t|on (Feeder to workpiece <feederWorkingDistance>
distance)
Description <description>
Techr‘ucal <drawing> Title <title>
drawings
Creator <creator>
Description <description>
Date <date>
Format <format>
Identifier {link to file) <identifier>
File size <fileSize>
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Metadata <metadata>

The AMPF will also define the process path used to construct the part and will include
the power <powern>, speed <speedn>, beginning time <timen> and the start (<pnsx>,<pnsy>)
and end (<pnex>,<pney>) coordinates for each (n'™ path. A constant power for each layer,
rather than a power for each path, can be specified using a <power> element and speed within a
<speed> element. A materialid parameter can also be contained within <path> or <layer>
elements as was done for <layer> and <polyline> elements within the AMSF. The materialid can
refer to a material specified within the AMPF file or in one of the upstream files along the digital
thread. Materials defined within the AMPF shall take precedence, over those specified in the
AMSF or AMF files.

Only paths used for part build up will be included within the AMPF file. Dwell times and
time used to move to the beginning of a path will be taken into account by defining the beginning
time of each laser path. These elements will be specified as follows:

e The <object> element will be defined as in the AMSF format.

e The <layers> element will be a child of the <object> element and will have the
<numberOfLayers> element and the <layer> element as children.

e The <numberOfLayers> element will contain the number of layers to be deposited. The
number of layers may be one less than the number of layers specified in the AMSF file
since an empty first layer can be used to indicate the first layer, as in a CLI file. This
should however be avoided. If an empty first layer is specified in the AMSF file, an
empty first layer should be specified within the AMPF file.

e The <layer> element will be a child of the <layers> element and have the <z> element as
its child along with the <path> element.

e The <z> element will define the z-coordinate though which the slice was made. The first
z-coordinate on which paths are specified should equal the layer thickness. Working
distances are with respect to the first z-coordinate on which paths are specified.

e The <path> element will have <numberOfPaths>, <powers>, <times>, <speeds> and
<points> as children elements.

e The <numberOfPaths > element will define the number of paths used for part
construction.

e The <powers> element will have either the <power> element, for constant power along
the entire layer, or <powern> elements, for a defined power along each (n™) path, as
children.

* The <speeds> element will have the <speed> element, for constant speed along the entire
layer, or <speedn> elements, for a defined speed along each (n'™) path, as children.

e The <times> element will have <timen> elements, defining the time at the beginning of
each (n"™) path. All times are with respect to the first time on the first processing path,
typically equal to zero.
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e The <points> elements will have <pCoordinates>. Children of the <pCoordinates>
element, <pnsx>,<pnsy>,<pnex> and <pney> will define the start and end (x,y)
coordinates of each (n'™) process path.
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<7xml version="1.0" encoding="ut{-8"7>
<ampf unit="millimeter" time="second" mass="gram" temperaturc="celsius" pressure="pascal” power="watt"
volume="liter" version="1.0" xml:lang="en">
<general>
<company>AM Corp</company>
<date>11-12-13</date>
<number>A1B2C3</number>
</general>
<process id="0">
<category>direct energy deposition</category>
<laser>
<wavelength>1070e-6</wavelength>
<profile>TEM00</profile>
<quality>1.1</quality>
<mode>CW</mode>
<power>450</power>
</laser>
<optics>
<polarization>random</polarization>
<spotAtWorkpiece>1042e3</spotAtWorkpiece>
</optics>
<environment>
<chamberPressure>101325</chamberP ressure>
<gas>Argon</gas>
<flowRate>40</flowRate>
<flowOrientation>coxaial</flowOrientation>
</environment>
<configuration>
<beamAngle>0</beamAngle>
<preHeating>one laser scan prior to deposition</preHeating>
<postHeating>heat treatment at 700 C for 100 h</postHeating>
<interruption>pause process for 30 seconds after layer 5 </interruption>
</configuration>
<base>
<type>Ti-6AL-4V </type>
<mNumber>54</mNumber>
<uns>R56400</uns>
<astmGrade>5<astmGrade>
<baseShape>rectangular plate<baseShape>
<baseThickness>3.175</baseThickness>
<baseXDimension>76.2</baseXDimension>
<baseYDimensions>50.8</baseY Dimensions>
<description>Flat plate purchased from ABCD corp<description>
</base>
<filler>
<type>Ti-6AL-4V</type>
<astmGrade>5</astmGrade>
<fillerShape>P owder</fillerShape>
<shape>spherical powder</shape>
<size>325 mesh</size>
<massFeedRate>0.05</massFeedRate>
<deliveryMethod>Coaxial Nozzle</deliveryMethod>
<numberOfFeeders>4</numberOfFeeders>
<feederWorkingDistance>9.27</feeder WorkingDistance>
<description>virgin PREP powder purchased from ABCD corp delivered coaxially
by four nozzles. Nozzles are located at a working distance 0f 9.27 mm from work
piece.
</description>
</filler>
<drawing name="PowderNozzles">
<title>Orientation of Powder Nozzles</title>
<creator>ARL at PSU</creator>
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<description>Orientation of powder nozzles relative to substrate and laser

beam.</description>

<date>01-01-2013</date>

<format mimeType="application/pdf'></format>

<identifier>Drawing_Nozzles.pdf</identifier>

<fileSize>147663</fileSize>

</drawing>
</process>
<object id="0">
<layers>
<numberOfLayers>19</numberOfLayers>
<layer>
<z>0.254</z>
<path>
< numberOfPaths >9</ numberOfPaths >
<powers>

<power1>45(</powerl>
<power2>0</power2>
<power3>450</power3>
<powerd>0</power4>
<power5>450</power5>

<power86>0</power86>
</powers>
<times>
<time1>0.00000</time1>
<time2>0.89988</time2>
<time3>1.79977</time3>
<time4>2.69966</time4>
<time5>3.59955</time5>

<time9>37.19910</time9>

</times>

<speeds>
<speed1>10.58333</speed1>
<speed2>10.58333</speed2>
<speed3>10.58333</speed3>
<speed4>10.58333</speed4>
<speed5>10.58333</speed5>

<speed9>10.58333</speed9>
</speeds>
<points>
<pCoordinates>
<plsx>1.27010</plsx>
<plsy>0.40201</plsy>
<plex>4.8730</plex>
<pley>0.40201</pley>
<p2sx>0.12701</p2x>
<p2sy>0.95201</p2y>
<p2ex>4.8730</p3x>
<p2ey>0.95201</p3y>

</pCoordinates>
</points>
</path>
</layer>

</layers>
</object>
</ampf>

Figure 7: Structure of proposed AMPF file format.
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5. Discussion, Concluding Remarks and Ongoing Work

The digital thread for additive manufacturing files proposed here hold many advantages
over the status quo—a de facto STL standard for 3D data which is disconnected from a myriad
of open source and proprietary slice formats which are disconnected from the actual path plan
used for part build up. Adoption of a single digital thread, in the form of AMF, AMSF, AMPF,
AMQF and AMVF files, will enable designers, manufactures, modelers and end-users to have
complete access to the variables and parameters they need to better understand and document
AM processes and to enable well-informed decision making. The formats presented here are
flexible and will continue to evolve to the needs of users are every level of the AM engineering
process.

This work demonstrates the importance of having an ability to input processing and path-
plan data, using a neutral format. The proposed AMSF and AMPF formats address this need.
These file formats will enable users to easily compare the performance of different AM software
and hardware systems. It will also reduce the time required to learn vendor-specific software.
While operators must still have a thorough knowledge of the AM system’s operational
capabilities and limitations, they will not have to learn a specific machine code or reverse-
engineer a vendor’s software and hardware to customize processing parameters and path plans.
In the opinion of the authors, empowering operators with the ability to simulate, tune and
validate processing parameters to obtain desired microstructures, stresses, and properties is
critical to the further development and adoption of AM technologies. Such “open” formats will
also drive competition amount numerical simulation software developers and enable users to
readily compare and contrast different AM simulation software.

A key challenge to the adoption of the strategy proposed here may be the reluctance of
AM machine manufacturers to adopt a non-proprietary format for transmission and input of
process parameter data. In fact, AM systems manufactures have been known to charge hefty
prices simply to enable operators to modify and develop new processing parameters. Operators
may also be charged for material-specific processing parameters, which may be considered
proprietary by systems manufacturers. Data encryption, together with the proposed formats, can
be used to safeguard this intellectual property while allowing end users to easily accesses
processing data. Standards organizations can play an important role with respect to this
challenge.

Also critical to the wide-spread adoption of AM technologies are the recording and
transmission of sensor data. Recording and transmitting time-dependent sensor data, such as time
and/or spatially-dependent deflection or temperatures, within an XML format can however be
problematic [31]: the format and encoding of multimedia data associated with a sensor is
designated by its manufacturer, or chosen by the end user, and cannot be reasonably expected to
adhere to a single standard; data may require proprietary software or algorithms to interpret; the
data size may be enormous, especially for video data; and, end users may only be interested in
small subsets of the data. One solution is to point to the data along with a description of the data
(metadata) within the AMQF file. In this sense, “virtual datasets” can be constructed without
incurring the high costs of data reformatting and transfer [31].
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Several standards already exist which aim to describe the meaning and format of stored
data. Among these standards are Dublin Core Metadata Element Set (DCMES) [30], MPEG-7
[32] and METS [33]. In many cases however, these standards require detailed knowledge
regarding their encoding schema. Since users of the AQMF file are likely more interested in
accessing and understanding sensor data rather than details concerning the data encoding
schemas, a simplified schema is being developed at the Applied Research Laboratory at Penn
State, built partly on the DCMES vocabulary [30] and METS [33] standards.

After execution of the part buildup, verification and validation of part parameters and
properties is often necessary. Verification and validation data will be recorded within an
Additive Manufacturing Verification File (AMVF). A wide variety of Non-Destructive
evaluation (NDE) as well as destructive evaluations techniques can be used to evaluate and
verify the properties of a part. The techniques used are largely dependent on a part’s intended
application. Therefore, as with sensor data, it is envisioned that the locations and format of
verification and validation data be specified within the AMVF file along with any information
necessary for analysis. The format and contents of the AMVF are also under development at the
Applied Research Laboratory at Penn State.

Ideally, all five files as well as any multimedia data, such as images or video should be
stored within the same directory or folder. Filenames and descriptions of multimedia data will
be included within the AMSF and AMVF files. Together, all five files will provide all the data
necessary to reproduce, numerically model and validate a part produced using additive
manufacturing process.
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Abstract

Purpose — The purpose of this paper is to surveys classic and recently developed strategies for quality monitoring and real-time control of
laser-based, directed-energy deposition. Additive manufacturing of metal parts is a complex undertaking. During deposition, many of the process
variables that contribute to overall build quality — such as trave! speed, feedstock flow pattern, energy distribution, gas pressure, etc. ~ are subject
to perturbations from systematic fluctuations and random external disturbances.

Design/methodology/approach - Sensing and control of laser-based, directed-energy metal deposition is presented as an evolution of methods
developed for welding and cladding processes. Methods are categorized as sensing and contro! of machine variables and sensing and control of build
attributes. Within both categories, classic methods are presented and followed by a survey of novel developments.

Findings — Additive manufacturing would not be possible without highly automated, computer-based controllers for processing and motion. Its
widespread adoption for metal components in critical applications will not occur without additional developments and integration of machine- and
process-based sensing systems to enable documentation, and control of build characteristics and quality. Ongoing work in sensing and control brings
us closer to this goal.

Originality/value ~ This work serves to introduce researchers new to the field of additive manufacturing to common sources of pracess defects
during metal powder-based, directed-energy deposition processing, and surveys sensing and control methods being investigated to improve the
process. The work also serves to highlight, and stress the significance of novel developments in the field.

Keywords Control systems, Layered manufacturing, Lasers, Metals, Material properties, Feedback control

Paper type General review

1. Introduction 2. AM processes and subsystems

Today’s metals-based additive manufacturing (AM) processes Fully dense metal parts can be built using AM processes in
can be considered an evolution of the welding and cladding one of two categories:

processes that have been used for decades. As such, many of 1 directed-energy deposition; and

the strategies developed for sensing and control of welding and 2 powder-bed fusion (ASTM F42 Committee, 2012).
cladding have been or are being adapted for AM. Common

examples include single-input, single-output (SISO) control The distinction lies in how material is introduced into the
of melt geometry or temperature through variation of laser process. In directed-energy systems, powder or wire is fed into
power or travel speed to achieve a consistent weld. More amolten pool atop a substrate. In powder-bed systems, a laser
recently, novel sensing and control approaches are being or electron beam is scanned over a bed of powder atop the
developed to cope with the additional challenges that AM substrate.

processes bring, including multi-layer deposition with
components or features that require complex build paths in
each layer. A primary driver of many of these efforts is the
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Aside from how the feedstock material is introduced, both
processes rely on similar subsystems, including:
* a laser or electron beam;
» a beam delivery system;
* motion controls;
» feedstock delivery system; and
+ environmental controls.

The subsystems of both powder-blown and wire-fed
directed-energy deposition processes, along with many of the
potential observable or controllable variables, are shown in
Figure 1.

There is potential to use both sensing and feedback control
within each of these subsystems. Here, powder-blown,
directed-energy AM is discussed. A high-level summary of
some of the details of the process, from start to finish, is
provided below to set the stage for subsequent sensor and
control discussions.

A typical laser-based, directed-energy-deposition process
begins with positioning of a substrate or build plate in the
work space. As the laser beam optics and powder feed nozzles
are designed to focus to a specific location, they will operate
best at a predefined, optimal stand-off distance. Variations in
the location of the substrate position caused by misalignment,
overbuilding or in-process distortion will result in variations in
powder feed alignment or energy density that can impact the
process. Powder is typically fed through one or more coaxially
aligned nozzles with assistance from a carrier gas. Variations in
powder flow resulting from disturbance in chamber back
pressure, powder clogs or other instabilities will impact the
manner in which the laser beam interacts with the feedstock
and can lead to melt pool fluctuations and process instability.
The laser beam is then delivered to the interaction zone
through a series of optics. Misalignment of the laser beam or
contamination/damage to the beam delivery system will
impact energy density at the surface, and can also produce
fluctuations in the melt pool. The laser energy interacts with
the powder and substrate, melting both. Some vaporization
also occurs. Contamination of the powder or substrate can
result in release of non-metal gaseous emissions that can result
in porosity on solidification. Volatilizing contaminants or low
vapor-pressure alloy-constituents can also lead to rapid
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expansion of gas, resulting in undesirable, and sometimes
violent, expulsion of liquid metal and/or powder.

The beam-material interaction zone is translated in space
relative to the substrate and previous depositions. If the
volumetric energy transferred to the build is too low for a given
initial substrate temperature, due to low laser power or high
travel speed, then there is potential for lack of fusion,
reduction in deposition volume, and/or reduction in depth of
the fusion zone. This can result in a reduction of dilution or
variation in build geometry (height, width and angle of
repose), leading to detrimental misalignment in the
subsequent deposits. If the volumetric energy is too high for a
given substrate temperature, then puddle size will increase and
overbuilding may occur, or increasing vaporization may lead
to a keyholing effect and undesirable melt ejection from the
vapor recoil force. As the melt pool solidifies, thermal
gradients will lead to residual stresses that can result in
substrate distortion. As the build proceeds, the energy that is
deposited into the component may lead to a global
temperature rise that can influence many of the factors above.

3. Sensing and control of machine variables

During normal operations, all AM systems must operate

within known limits that are largely independent of the details

of the process:

+ the beam power and mode ought to be stable;

* motion stages and scanners should to be precise and
accurate;

» material feed rate or powder layer thickness ought to be
well-defined; and

* chamber pressure and gas concentrations ought to remain
constant during processing.

To address this category of process parameters, process
monitors and warning indicators, or independent, SISO
control loops are typically used.

3.1 Laser beam delivery

The laser energy reaching the interaction zone can vary during
normal operations due to electronic noise within the laser
system, variations in beam front due to distortion and
variation in the index of refraction resulting from thermal load

Figure 1 Subsystems of (a) laser-based powder-fed and (b) electron beam, wire-fed directed-energy deposition processes
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on the optics, or damage to optical elements from process
contaminants. Internal fluctuations in beam power can be
reduced though closed-loop control of pump power
(Paschotta, 2008). Systems based on monitoring reflections
from turning mirrors (Johnstone, 2000) and from
laser-induced Rayleigh scatter in air (Ophir Photonics, 2014)
have potential to be used for non-intrusive, real-time
measurement and assessment of both internal and external
laser beam power fluctuations. Thermal load on the optical
elements produces changes in lens geometry and index of
refraction that lead to energy fluctuations at the substrate.
These fluctuations are difficult to actively control, but are only
an issue when operating at high laser powers, and effects can
be reduced via active cooling.

Optical elements closest to the laser—substrate interaction
zone are most vulnerable to be damaged from gaseous process
emissions and melt spatter, and are thus most likely to distort
or attenuate the laser beam. If contamination is severe,
processing with a high-power laser can induce thermal stresses
within the lens that result in cracking, as shown in Figure 2. In
directed-energy laser deposition systems, a focusing lens,
together with a protective cover lens, are enclosed within a
processing head. Various researchers (Bi et al., 2007; Ténshoff
et al., 2003) have shown that monitoring of the reflected laser
light from the protective glass using a photodiode can be used
to sense damage to the protective cover lens. Additionally,
they show that monitoring temperatures within the cladding
head can also be used for real-time assessment of the
condition of the optics. A schematic of the optics monitoring
setup used by Bi er al. (2007) is shown in Figure 3.

3.2 Chamber environment

Monitoring of key conditions within the processing
environment is straightforward. For laser-based processes, the
processing chamber is filled and recirculated with argon,
nitrogen or other inert gases, depending on the material being

Figure 2 Extreme case of optics damage during high-power laser
processing
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Figure 3 Schematic of an optics system utilized to monitor
contamination of beam delivery optics
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deposited, to limit contamination through oxidation or other
source. To ensure part quality, oxygen concentration within
the build environment is typically monitored using a trace
oxygen sensor. Electrochemical oxygen sensors can measure
concentrations down to parts per million, but require periodic
calibration because exposure to oxygen that occurs during
normal operations reduces sensor lifetime.

Chamber pressure fluctuations have been observed to
influence the feed rate of powder and the flow rate of
processing gas in powder-blown systems. AM processes are
also vulnerable to contamination from outgassing of polymers
or vaporization of water or other volatile compounds.

3.3 Feedstock delivery

To achieve consistent quality, powder-blown and wire-fed
directed-energy deposition systems require a well-defined
volume or mass of material feedstock to be introduced at the
proper rate to the correct location. In both the powder-blown
and wire-fed processes, the angle, location (with respect to the
beam), velocity and/or mass flow rate at which the material is
fed, (as well as the powder feedstock and flow stream
morphology for powder-blown systems), all affect the
deposition process. A study of the impact of powder, carrier
gas and nozzle characteristics on powder flow was performed
by Balu et al. (2012) to maximize powder concentration at the
substrate working distance. Various researchers have
demonstrated ways to monitor, and in some cases, control
feedstock properties to ensure quality depositions.

In powder-blown systems, powder delivery and flow
characteristics must remain consistent if consistent quality is
to be achieved. From a practical standpoint, nozzles can clog
or suffer damage during operations. Examples of a clogged
and damaged nozzles are shown in Figure 4.

To provide real-time monitoring of perturbations of powder
flow resulting from damaged or clogged nozzles, imaging
methods to assess flow at the processing head have been
developed. One example of such a system, developed by
Nassar and Reutzel (2014), uses a filtered camera to view the
light from a laser line generator that is reflected off powder
exiting the nozzles during the deposition process. Figure 5
illustrates this method, and shows the resultant images prior to
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Figure 4 Example of nozzles that were (a) damaged, and (b)
clogged during AM processes
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analysis. Automated identification of clogged or damaged
nozzles can be important for quality control during long
builds.

In powder-blown systems, real-time monitoring and control
of feed rate is most often achieved using continuous weight
measurements. Due to slow sampling rates found in typical
commercial weigh-based measurement systems, there is a
significant time delay between changes in set point and a
stable powder flow. This is especially problematic when more
than one powder feeder is used to produce alloys or
functionally graded materials. Hu and Kovacevic (2003)
developed a diode-based sensor that measures the attenuation
of a laser beam, as it is transmitted through a glass tube
connected to the powder feeder. The setup is illustrated in
Figure 6.

An additional delay results from the fact that, in many
commercial systems, the processing laser head is located away
from the powder feeder, resulting in a substantial lag between
changes in set point and observable changes in feed rate at the
beam-material interaction zone. This delay time depends on
the length of the tubes connecting the feeder to the deposition
head coupled with the material feed rate.

To account for this and other delays in powder flow, Muller
et al. (2013) developed a model of powder flow rate at the
deposition head as a function of the input signal to the powder
feeder. They then coupled the model to a closed-lcop
predictive control system, enabling them to generate an
numerical control (NC) program that compensates for delays
to deposit functionally graded materials with the desired
composition.

Figure 5 lllustration of method to assess powder flow from individual nozzles
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Figure 6 lllustration of the Hu and Kovacevic powder feed rate
controller
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While it is difficult to precisely control the material feed rate in
powder-blown processes, it is relatively easy to do so in
wire-feed processes. Commercial wire feeders have long
existed for the welding industry and can be readily integrated
into AM machines. They handle a wide range of wire sizes and
typically allow real-time control of feed rate based on an
analog voltage or current. One possible source of noise during
wire feed operations is slipping of the wire relative to the feed
rolls, but this can usually be corrected by reducing the
feedlength, eliminating sharp bends in the wire conduit, and
by properly adjusting the roller pinching force.

4. Sensing and control of build attributes

Although sensing and control of process-independent
machine variables can be realized largely without concern for
the specifics of the process, process-dependent build attributes
require some knowledge of the desired part geometry, material
composition, density, microstructure and other properties.
Many of these characteristics cannot be directly measured,
e.g. material composition, density and microstructure.
However, certain characteristics of the beam-material
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interaction, as well as solidified regions of the deposit, can be
monitored to allow estimation of these variables. For example,
it has been argued that characteristics of the melt pool
geometry can be used to predict deposited microstructures in
Ti-6Al-4V (Bontha ez al., 2006) and Inconel 718 (Thompson,
2014).

4.1 Melt pool geometry
As noted earlier, melt pool geometry is influenced by a wide
variety of process conditions. As it is straightforward to
introduce coaxial imaging systems to a laser deposition
system, the melt pool is an attractive characteristic of the
process used for monitoring and as control. The impact on
melt pool due to changes in build geometry, laser power,
initial temperature, alignment to adjacent depositions, and
many other factors, is illustrated by observing the variation in
coaxial thermal melt pool images collected throughout
deposition of a single layer of a relatively simply build
(Figure 7). Note that the melt pool width increases in a regular
fashion as the build proceeds along the first leg, but varies
significantly once it enters the three-bead wide portion of the
build. In the past two decades, many researchers have utilized
coaxial melt pool imaging to monitor and control the process.
In some of the earliest work in process control related to
laser- and powder-based, directed-energy-deposition systems,
Hofmeister er al. (1999) used a visible light pyrometry
technique to determine melt pool characteristics. They noted
that the heat sink conditions at each phase of the deposition
varied appreciably during a complex build, and this had a
profound impact on the melt pool size. Images collected with
a coxial, filtered high-speed video camera were converted to
temperature to calculated the melt pool area. This melt pool
area was used as input to a proportional-integral-derivative
(PID) controller, which varied in laser power to maintain a
constant melt pool area. The controller took in consideration

Figure 7 Coaxial thermal images of melt pool collected during a laser-based directed-energy deposition using powder feedstock without
feedback control. The yellow portion of the image highlights the liquidus-to-solidus region
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whether a boundary (contour) or fill pass (hatch) was being
made. They demonstrated improvement in consistency of
build dimensions with the controller.

Several years later, Hu and Kovacevic (2003) utilized coaxial
single-color infrared (IR) imaging to demonstrate that, for a
select group of processing conditions, the melt pool width and
area could be correlated to the fusion zone depth and average
melt pool temperature. Later, Colodron et al. (2011) showed
that melt pool width also correlated closely to dilution and used
an field-programmable gate array (FPGA)-based controller to
vary laser power to control melt pool width based on
measurement with a 50 fps, coaxial complementary
metal-oxide—semiconductor (CMOS) camera. Their colleagues
followed up a year later (Araujo ez al., 2012) with enhancements
to compensate for noise in the images resulting from powder,
optics contamination and other effects. The same year, Hofman
et al. (2012) also demonstrated that varying laser power with a
melt pool width controller was also effective in maintaining
consistent microhardness in the face of substantal local changes
in heat sink from geometry effects.

4.2 Melt pool temperature

Melt pool temperature is another characteristic that is
impacted by many process variations and that influences final
build attributes. In contrast to performing complex data
analysis on noisy images, average melt pool temperature can
be readily measured using low-cost photodiodes or other
sensors. Bi er al (2007, 2006) recognized the potential
benefits of such a sensor, and showed that a suitable
photodiode could be easily integrated into a processing head
to provide a coaxial measurement, could identify anomalous
build characteristics and could be correlated to dilution. They
also demonstrated melt pool temperature control by varying
laser power. More recently, Bi ez al (2013) confirmed that
part geometry has a strong influence on melt pool
temperature, and investigated the use of changing the energy
density by means of laser defocusing to compensate. They
found that controllability with these techniques was limited
before low irradiance significantly degraded deposition
quality. This study also revealed that oxidation during
processing changes the spectral emissions and may result in
false readings using this technique. Song and Mazumder
(2011) demonstrated melt pool temperature control using
measurements from a dual-color pyrometer by varying laser
power using a controller based on an experimentally identified
state space model of laser power-to-melt pool dynamics.

4.3 Deposition height

An important challenge during AM is achieving consistent
material characteristics and geometry. In particular, build
height is strongly influenced by distortion and changes in
powder capture efficiency. Optical sensors are most often used
for non-intrusive measurements of build height. The
chromatic-aberration-based technique developed by Hand
et al. (2000) detects the ultraviolet and IR components of the
continuum radiation generated during processing. Taking
advantage of variations in intensity of each spectral range with
working distance, due to chromatic distortions, they designed
a height control system and coupled it with a laser-power
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controller based on pyrometer measurements of melt pool
temperature.

Fathi et al (2006) utilized a more conventional,
charge-coupled device (CCD) imaging sensors to assess the
influence of various process conditions on deposition height,
and then utilized system identification techniques to
determine a dynamic system model. With this, they were able
to construct PID controllers both with and without an
additional feedforward term (based on the identified system
dynamics). They varied travel speed to control build height
and found that inclusion of the feedforward term resulted in
responses more closely following the desired set point. More
recently, Fathi teamed with Mozaffari ez al. (2013) to develop
advanced system identification techniques to develop neural
network and other models of the highly non-linear deposition
process. This enabled them to develop a multi-input
multi-output controller capable of performing multi-objective
optimization. In this case, they were able to demonstrate
optimization of both clad height and dilution by varying travel
speed, laser power and powder flow rate.

Song et al. (2011) developed a two-input, single-output
hybrid control system that used a master height controller and
slave temperature controller. The height was measured with
three high-speed CCD cameras, and the temperature was
measured with a two-color pyrometer. When the melt pool
height exceeded a prescribed value, the temperature controller
was blocked and laser power was reduced to limit build height.
When melt pool height was within the specified range, the
laser power was varied to control melt pool temperature. They
found that this hybrid approach provided stable builds.

4.4 Optical emissions

During processing, the laser beam heats up the powder and
the substrate material to an elevated temperature, leading to
melting and vaporization. Bartkowiak (2010) demonstrated
that the optical emissions and spectral lines that can be
collected from the vapor emissions generated during
low-power (< 2 kW laser) deposition are related to the
temperature and composition of the melt pool. Song and
Mazumder (2012) also demonstrated an ability to monitor
chromium composition in real time during deposition of H13
tool steel. After proper calibration, they were able to predict
chromium composition to within 2.8 per cent atomic weight.
Nassar ez al. (2014a) evaluated spectra from optical emissions
during a build designed to have intentional lack-of-fusion
defects. Their analysis suggests that optical emissions may
contain information that can be related to build defects.

4.5 Path control

Process controller development efforts to date have targeted
real-time control of one or more build attributes based on the
specific characteristics of the process that are possible to sense,
coupled with the process parameters that are available to vary.
They promise to improve build consistency that is currently
degraded by systematic process variations that are not
compensated with traditional, purely feedforward processing.
However, they all operate independent of the processing path,
and do not allow variation in the path that may help to
decrease thermal build-up or distortion. Additionally, they do
not provide means to correct the inevitable intermittent
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defects that will occur in production. In contrast to a casting
of forging, the layerwise nature of the AM process allows
machine access to the interior of the component as it is being
built, offering opportunity to correct certain types of defects.

A system architecture has been developed and integrated
into a commercial AM system that allows real-time
adjustment of the build plan during each layer. The data flow
utilized in the architecture is illustrated in Figure 8. To test
and demonstrate the architecture, a test case was defined in
which the build plan (specifically, the hatch pattern) was
modified in real time based on a temperature reading. Prior to
executing a given hatch, a pyrometer was used to interrogate
the temperature of the substrate. If the substrate temperature
exceeded an arbitrary set point, then the hatch was skipped
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until later, and the next programmed hatch was processed
with the same aigorithm. After all acceptable hatches were
processed, the hatches that had been previously skipped were
processed. Figure 9 illustrates the impact of the controller
activity on the hatching order. Evaluation of cross-sections has
revealed that the closed-loop controller produces a build with
less variation in microstructure than an uncontrolled
deposition (Nassar et al., 2014b).

5. Conclusions

Without the development of highly automated
computer-based controllers for processing and motion,
modern AM would not be possible. These systems lend

Figure 8 System architecture to enable real-time path modification and control
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themselves to continuing development and integration of
machine- and process-based sensing systems that improve
process documentation, and enable control of build
characteristics and quality. Such developments are essential
for qualification activities and to garner widespread
acceptance by the technical community. The research
community has made numerous advancements in sensor and
control technologies that bolster these efforts.

In recent years, researches have developed sensors for
monitoring of the laser beam and delivery optics, chamber
pressure and oxygen concentration, powder and wire feed
rates, melt pool temperature and dynamics, optical emissions
and substrate temperature. A subset of these efforts have been
highlighted here along with recent developments toward
in-process, path plan modification. To achieve the goal of
rapid qualification of AM parts, further progress and
commercialization of sensors and controls must continue.
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Abstract

The location, timing, and arrangement of depositions paths used to build an additively manufactured component — collectively called the build
plan — are known to impact local thermal history, microstructure, thermal distortion, and mechanical properties. In this work, a novel system
architecture for intra-layer, closed-loop control of the build plan is introduced and demonstrated for directed-energy deposition of Ti—-6Al-4V. The
control strategy altered the build plan in real time to ensurc that the temperature around the start point of each hatch, prior to deposition, was below
a threshold temperature of 415 C. Potential hatches with an initial temperature above this threshold were temporarily skipped. Compared with
open-loop processing, closed-loop control resulted in vertical alignment of columnar prior- grains, more uniform a-lath widths, and more-uniform

microhardness values within the deposited component.
© 2015 Elsevier B.V. All rights reserved.

Keywords: Additive manufacturing; Directed energy deposition; Control; Ti-6A1-4V; Lath width; Hardness

1. Introduction

Additive Manufacturing (AM) of metal-based components
has recently gamered increasing attention. This interest is moti-
vated by the potential to inexpensively and rapidly produce or
repair high-value, complex parts. The novel capabilities offered
by AM, however, come at an expense. Manufacturing of even
simple components via AM is complex, typically requiring
hundreds or thousands of individual laser or electron-beam
depositions. The ordering, timing, and placement of depositions,
alsoknown asa hatch plan, path plan, or build plan, define a part’s
thermal history throughout the build. As is discussed in Section
1.1, this affects part microstructure, residual stresses, distortion,
and mechanical properties.

* Corresponding author. Tel.: +1 814 863 9409; fax: +1 814 863 1183.
E-mail addresses: arn5000@psu.edu (A.R. Nassar), jsk25@psu.edu
(J.S. Keist), ewr101 @arl.psu.edu (E.W. Reutzel), tjs@vt.edu (T.J. Spurgeon).
! Tel.: +1 814 867 4785.
2 Tel: +1 814 863 9891.

http://dx.doi.org/10.1016/j.addma.2015.03.005
2214-8604/© 2015 Elsevier B.V. All rights reserved.

1.1. Influence of build plan on microstructure and
properties

Previous researchers have investigated the effects of build
plan on microstructure and properties primarily using one of
thc two strategies. Following the first strategy, changes in
microstructure and properties as a result of changing build orien-
tation are investigated. Due to the greater flexibility in depositing
overhangs, this approach is typically limited to powder-bed
fusion (PBF) processcs. Following the second approach, inves-
tigators examine the effects of location, order and timing of
deposition paths on microstructure and mechanical proper-
ties.

To assess the effect of part orientation — and hence the build
plan — researchers have built geometrically simple parts, such
as cylindrical or flat tensile specimens, with their major axis
oriented at various angles with respect to the build-up (z-axis)
direction [ 1-3]. Forexample, Tolosa et al. [3] used a laser-based,
BPF process to deposit flat AISI 316L stainless steel tensile and
Charpy impact test specimens oriented at angles of 07, 45°,60°,
and 90° with respect to the build-up direction. Additionally, the
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orientation of the flat-edge of the tensile samples and the rotation
angle on the build plate wcre investigated. Differences in tensile
strength, yicld strength, and elongation perccnt werc observed;
however, explanations for this were not provided. Samples ori-
cnted parallel to the build-up direction exhibited the largest
values for elongation perccntage, while samples oriented per-
pendicular to the build-up direction, with the flat edge of the
tensile sample laying on the build plate, exhibited largest values
for yield and ultimate strength.

Similar patterns have been obscrved during electron beam
PBF of Ti-6Al-4V using the Arcam EBM® process: tensile
specimens showed larger elongation percentage for orientations
parallel to the build-up direction and higher yield and ultimate
strength when oriented perpendicular to the build-up direction
[1,2]. Rafi et al. suggested that such differences might be due
to defects along planes perpendicular to the build-up direction,
inter-granular discontinuities, or differences in a-lath widths.
The pattcrn obscrved by Tolsoa et al., Rafi et al., and Brandl
et al. is, howevcr, contradicted by the observations of Hrabe
and Quinn [4]; they reported a highcr elongation percentage and
lower strength for Ti—-6A1-4V samples dcposited perpendicu-
lar to the build-up dircction using the Arcam EBM® process.
Though the results were attributed to the texture and elongation
of the prior-f3 grains and refcrence was made to a previous study
drawing similar conclusions [5], why results differed from stud-
ies [1,2], which employed similar AM technologies and analysis
techniques, is unclear.

It is also unclear how mechanical properties such as inden-
tation hardness are affected by orientation. On the one hand,
Tolosa et al. [3] have suggested that hardness profiles of AM
parts built using laser-based PBF are uniform and have mechan-
ical properties comparable to wrought components irrespective
of orientation. On the other hand, Roy [6] reported higher nano-
indentation hardness values for electron-beam-PBF-deposited,
Ti-6A1-4V tensile samples orientcd perpendicular to the build-
up direction than those oriented parallel to it.

Despite lack of a clcar explanation for how part orienta-
tion in powder-bed systems impacts properties, its impact on
microstructure is better understood. In Ti-6AI-4V, the (001)
direction of B grains preferentially aligns parallel to the maxi-
mum thermal gradient [7.8]. Altering a part’s build plan or part
dimensions has been shown to alter prior-f3 grain orientation in
Ti-6Al4V [8]. Alternating layer-to-layer scan direction dur-
ing selective laser melting has also been shown to result in a
“herringbone pattern” [9,10].

Similar effects were found using directed-energy depositions
(DED) of Ti-6Al-4V. Using a tungsten inert east (TIG) welding
system, Baufeld [11] showed that prior-f3 grains were slanted
along the temperature gradient. This was previously observed
with laser-based, DED processes [12]. The effect of build plan
on microstructure has also been obscrved in other alloy systems.
For instance, for powder-feed DED of Inconel 625, Dinda et al.
[13] showed that alternating layer-to-layer scan direction rotated
the growth dircction of columnar dendrites by 90° from layer-
to-layer. Though build plan impacts microstructure, properties
and thermal stress, the authors are unaware of any efforts toward
closed-loop control of build plan.

1.2. Control of AM

Much work on closcd-loop control of AM processes has been
performed. Most rcsearchers focus on real-time control of the
dcposition process by varying the laser power or processing
spced based on sensing of the melt pool size [ 14-18] or temper-
ature [19,20]. Some have also attempted to maintain a constant
working distance, or layer build height, by sensing the build
height and adjusting the processing head position [21], the
processing speed [22,23], the filler material feed rate [24] or the
laser power [25]. Another target of closed-loop control efforts
is varying powder or wire-feed rates to control material com-
position for functionally graded materials deposition [26,27].
For reviews of in-process monitoring and control for AM, see
[28-31].

Here, we depart from efforts using real-time control of one or
multiple variables and instead investigate closed-loop control of
the build plan during directed-energy AM. A system architec-
ture was developed to cnable intra-layer build-plan modification,
based on measurement of the local, initial temperature of each
potential deposition path, also referred to as hatch, on a layer. We
found that closed-loop control of the order and timing of hatches,
based on their initial temperature, affected the microstructure
and properties of deposited parts. Closed-loop control resulted
in vertical alignment of columnar prior-§ grains, more uniform
o-lath widths, and more-uniform microhardness values within
a deposited component.

2. Experimental methodology

Experiments were conducted to assess the impact of the
devcloped controller on deposition macrostructure, microstruc-
ture, and microhardness. Deposits were made with both uncon-
trolled (i.e. purely feed-forward) and controlled proccssing
parameters. Details of the experiments follow.

2.1. Physical setup and parameters

Experiments were conducted with an Optomec LENS® MR-
7, laser-based, DED system (subsequently referred to as LENS).
The system used a 500 W, Ytterbium-doped fibcr laser (IPG
YLR-500-SM). The laser fiber was coupled to a 200 jum, mul-
timode optical fiber and focused to a D4o (second moment)
spot size of 0.624 &= 12 jum, measured using a PRIMES GmbH
FocusMonitor device. As shown in Figs. | and 2, the focused
beam exited the laser head through a coaxial, center-purge noz-
zle. Through the center purge nozzle, 30 Ipm of argon gas flowed,
coaxially, out of a 6.35mm diameter orifice and toward the
substrate below. Around the coaxial nozzle were four, radially
symmetrically oriented, powdcr-delivery nozzles through which
4 1pm of argon gas carried a 3 g/min flow of metal powder out
of a 1.19 mm orifice.

The LENS processing chamber was filled with argon gas
and maintained at a gauge pressure between 498 and 748 Pa
(2-3 in. of water). Oxygen levels were kept below 20 ppm during
processing.
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Fig. 1. Experimental setup on the laser-based, directed-energy-deposition sys-
tem (Optomec, Inc. LENS).

A substrate was positioned at the working distance of
9.27 mm below the powder-delivery nozzles. At this position,
below the laser focal point, the laser was defocused to a spot size
of 1.24 mm. During deposition, the substrate was translated in
the X-Y plane while the laser processing head remained station-
ary. Upon completion of a layer, the laser head moved upwards
by a predefined layer height. Stage motion was controlled by
a Galil DMC-1880 Motion controller. Stage position error was
Icss than 10 pm.

During deposition, part temperature was monitored using a
Raytek GPSCFLW series, single-wavclength pyrometer. A con-
stant emissivity value of 0.40 was assumed — this was a rough
estimate based on thc results of Hagqvist et al. [32] and correla-
tion with thermocouple measurements. The pyrometer measured
the average temperature in a 4.5 mm diameter spot around the
laser position. The pyrometer outputted a 0—10V signal which
was linearly scaled with the measured temperature. Noise in the
analog signal was estimated to contribute an error of £2°C to
measured values. The temperature around the start point of each

Fig. 2. Image of processes during deposition of Ti-6A1-4V within the LENS
system.

potential hatct, prior to dcposition, was used to actively control
hatch order.

2.2. Materials

The powder used for deposition was Grade 5 titanium
(Ti-6Al-4V) with extra low interstitials (ELI grade), purehased
from Phelly Materials, Inc. The powdcr was verified to bc spher-
ical with a mean particle size of 126.8 pum (45.9 pum stdev) using
scanning electron microscopc imaging and a Horiba LA950
particle size distribution analyzer, respectively. Powder was
deposited atopa 76.2 mm x 76.2 mm Ti-6Al-4V substrate, with
a thickness of 6.35 mm.

2.3. Processing parameters

Hatching parameters were determined following thc method
outlined by Policelli [33]. At a measured output laser power of
450+ 25 W and a processing speed of 10.58 mm/s (25 in./min),
the geometry of single-track deposits were uscd to determine
halch spacing and layer thickness. To reduee the likelihood that
hatch skipping would result in lack-of-fusion, the bead contact
angle, with respect to the substrate, was measured and veri-
fied to be at an obtuse angle (159°). Based on this analysis, a
hatch spacing of 0.91 mm (0.0361in.) and a layer thickncss of
0.18 mm (0.007 in.) werc used for dcposition of the part gcome-
try. It may be noted that these paramcters resulted in deposition
of alayer thicker than the upwards movement of the laser depo-
sition head betwcen layers. This overbuilding on each layer is
typical in directed-energy processes and was used to ensure that
the powder streams convergcd toward the melt pool; in the case
of underbuilding, the powder would have diverged near the melt
pool, resulting in little to no deposition.

2.4. Control hardware, software and dataflow

To cnable real-time control of hatch order, custom soft-
ware and hardware systems were integrated into the LENS
machine. The system’s workflow is provided in Fig. 3. First,
a 3D computer-aided design (CAD) model was constructed and
exported as a Standard Tessellation Language (STL) file. Next,
the part orientation (build direction) was defined and the STL file
was sliced into layers. Each layer was defined using a poly-line
boundary representation within a common layer interface (CLI)
format. These first steps, construction of the STL file, part orien-
tation and slicing, were completed using commercial software —
SolidWorks® Premium 2012 and netfabb® Studio Professional
4.

Based on the slice data, custom-written software was used
to gencratc two sets of instructions: LENS machine code
and an Additive Manufacturing Slicc File (AMSF) file [34].
Machine code was formatted in the Digital Motion Controllcr
(DMC) languagc, dcfined by Galil Motion Control, Inc. Within
the DMC code, instructions defined a communication schema
between the Galil motion controllcrs and an external com-
puter (referred to as PSU computer). The PSU computer was
equipped witha National Instruments USB 6343 multifunctional
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Fig. 3. Data flow for near real-time alteration of path plan.

Data Acquisition Device (DAQ). During processing, real-time
position data were passed from the motion controller to the PSU
computer using two analog (0-10V) voltages proportional to
the (X and Y-axes) stage position and digital inputs/outputs were
used for hand shaking and to communicate hatch order. Analog
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The AMSEF file deseription can be found in Ref. [34].

signal noisc contributed an error of less than £17 um in the
measured position data.

On the PSU computer, custom-written software interpreted
the AMSF file and read the current position, hatch, layer, pyrom-
eter reading, and laser power. Based on these data, control
decisions were made and the PSU computer communicated
hatch deposition sequence in real-time to the motion controller.
A diagram of the control logic is provided in Fig. 4.

Throughout the build, the time, stage positions, current hatch
and layer number, pyrometer reading, and laser power werc
monitored by the PSU computer. Meanwhile, the motion con-
troller was instructed to deposit all contours on each layer,
check for instructions from the PSU computer and modify hatch
order as directed. Each hatch was assigned an index num-
ber and assigned a threshold initial tempcrature. All hatches
were assigned a threshold value of 415 °C. This threshold was
selected for reasons of practicality — it was slightly below the
saturation limit of the pyrometer at the chosen emissivity. As
shown in Fig. 4, in the closed-loop build, if the initial tem-
perature at the start point of a potential hatch exceeded the
threshold value, that hatch was skipped. Then, to minimize
processing time, the next closest potential hatch location was
checked. On each layer, all potential hatch locations were cycled
through before a previously measured hatch temperature was
rechecked.

2.5. Part geometry

A dogbone geometry, shown in Fig. 5, was selected in order
to test the controller on a geometry with regions of varying ther-
mal characteristics. On each laycr, a contour was first deposited
followed by a series of hatches. This sequence is illustrated in
Fig. 6 for the uncontrolled (open-loop) build. The contour was
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Fig. 5. (a) Build geometry. The part was cross-sectioned along the dashed gray centerline. (b) Hardness was measured along the center of the wide, left region and

along the center of the narrow, middle region.

deposited along the poly-line defined by points C1,C2,...,Cn,
shown in Fig. 6. Following deposition of the eontour, hatehes
were deposited using a zig—zag, raster in the location and diree-
tion shown in Fig. 6. Textabove cach arrow in Fig. 6 indieates the
order of deposited hatehes. A hateh loeation number is loeated
at the top of the figure. The hateh loeation number eorresponds
to each potential hatch position and is numberced sequentially
along the x-axis. In the open-loop ease, hatch order numbers

eorrespond to hatch location numbers. In total, 40 hatches and
25 layers were deposited.

2.6. Characterization
Onee deposited, both open-loop and elosed-loop builds were

eross-seetioned parallel to their length and along the eenterline
shown in Fig. 5. For each sample, both eross-section halves
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Fig. 6. On each layer, a contour, defined by points C1,...,Cn, was first deposited. In the open-loop build, hatches were deposited according to the order and direction
shown. Hatch order numbers are located above each hatch arrow while the hatch location number is at the top of the figure. Note that the starts and ends of all hatches

actually extend to contour perimeters.
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were ground and polished following standard metallographic
techniques. One cross-section half from each part was etched
using Krolls reagent and studicd using optical microscopy. On
the ctched cross-section, Vickers hardness was mcasurcd using
a LECO-M-400-G1 hardness tester using a load of 1 kgfapplied
for 10s. Hardness was measured, as a function of build height,
at the two locations shown in Fig. 5(b): through the middle, nar-
row region and the left, wide region of the geometry. Within
both regions, reported hardness valucs represented the average
of three measurements along each depth and the standard devi-
ation of the three measurements was represented by error bars.
Unetched cross-sections were examined using a FEI Quanta 200
and a Philips XL.30 environmental scanning electron microscope
(SEM) in back-scattered imaging mode. From the SEM images,
measurements of the a-lath widths were calculated from 20
manual measurements at random locations within each image.

3. Results and discussion

The objectives of this work were to develop an intra-layer
control strategy, to assess the behavior of the control system
though a case that employed temperature feedback as input to a
path controller, and to determine its effects on the microstruc-
ture and hardness of the deposited part. The behavior of the
system was assessed by comparing the time required to deposit
all hatches on each layer, the hatch deposition order, and the
initial temperatures prior to each hatch deposition. Compared to
the open-loop build, the elosed-loop build exhibited differenccs
in macrostructure, microstructure, and hardness. The behavior
of the control system is discussed in Section 3.1, followed by a
review of macro and microstructure in Section 3.2, and the result-
ing microhardness along the depth of the deposited component
in Section 3.3. Here, results are combined with discussion.

3.1. Behavior of control system

In the open-loop build, hatches were deposited on all layers
in a sequential order as shown in Fig. 6. By the third layer, the
initial temperature at the start point of most potential hatches
exceeded the 415 °C threshold temperature. In the closed-loop
build, the hatching sequence was significantly altered for all but
the first layer.

To illustrate this, the hatching deposition sequence midway
through the closed-loop build, on layer 13, is shown in Fig. 7.
As in Fig. 6, the text above each arrow indicates the order of
deposited hatches. The hatch location number is located at the
top of the figure. Fig. 7 shows a highly active control system; on
the first pass, no two hatches were deposited sequentially next to
each other. On average, two hatches were skipped between each
deposited hatch on this layer. This knowledge may be useful
in redesigning the control algorithm; rather than checking the
temperature of the nearest hatch, the total deposition time on
each layer may be reduced by initially checking the second- or
third-nearest hatch temperature.

Skipping of hatches which exceeded the threshold tempera-
ture is also illustrated in Fig. 8. Here, the temperature at the start
of each potential hatch is shown along with the hatch location

number. The threshold tempcrature is shown as a horizontal,
dashed line and the saturation point of the pyrometer is shown
as a dash-dot line.

As shown in Figs. 7 and &, on the first pass, the temperature
at the start of each potential hatch initially exceeded the thresh-
old temperature, so the corresponding hatch was temporarily
skipped. The average number of potential hatches skipped on
the left, wide section of the geometry and the middle, narrow
section was two. However, on the right, wide section of the
geometry, only one hatch was skipped on average. Intuitively, it
would be expected that, due to anticipated heat buildup, more
hatches would be skipped in the middle, narrow section than
on either end. However, this was not true: on average, an equal
number of hatches were skipped on the left and middle sections.
More hatches were also skipped on the left section than right
section. The reason for this may be related to the deposition of
an external contour (C},Ca,...,Cy3 in Fig. 7), at the beginning
of each layer, bcfore hatching. The contour started and ended at
the left side of the geomctry. Thus, the left side of the part was
already hotter than the right or middle section prior to deposition
of the first hatch.

The hatch order on all laycrs of the closed-loop build is
revealed as an image plotin Fig. 9. Within the figure, the abscissa
displays the layer number (1 through 25) and the ordinate dis-
plays the order of cach deposited hatch (the first deposited hatch
is bottommost on the axis and the last deposited hatch is topmost
on the axis). The gray-scale intensity of each pixel indicates the
hatch location number. As illustrated in Fig. 9, the first layer
of the closed-loop build was deposited nearly in the same order
as in the open-loop build — only hatches 12 and 22 were ini-
tially skipped. The number of hatches skipped on each layer
increased up till the seventh layer. Beyond the seventh layer,
similar patterns of skipped hatches occur on subsequent laycr.
Thus, the control system drove the process into steady state by
the seventh layer.

The image plot of hatch sequences (Fig. 9) also reveals
the number of passes (left-to-right or right-to-left hatching
sequences) required to deposit each layer. Under closed-loop
control, the initial tcmperature of each hatch was checked
sequentially from left to right. Hatches with temperatures above
the threshold were added to the end of the queue to be rechecked.
In Fig. 9, a sequence of dark to light pixels on a layer indicates
left-to right hatching along the positive x-axis, while a sequence
of light to dark pixels indicates hatching from right-to-left hatch-
ing. Fig. 9 shows that on the first layer, only two passes were
required, while beyond the second layer, six to seven passes were
performed on each layer.

Hatch skipping in the closed-loop build resulted in a 33%
increase is total build time compared with the open-loop build.
The open-loop build was deposited in 51.56 min, while the
closed-loop build was deposited in 68.53 min. The processing
time for each layer, plotted in Fig. 10, shows that the layer depo-
sition time increased with each layer, until layer 7. In contrast
to the near-constant layer deposition time of 123.4 s (standard
deviation of 0.65s) in the open-loop build, each layer beyond
layer seven was deposited in an average time of 166.5 s with a
standard deviation of 1.5 s. The same conclusion can be drawn as
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Fig. 9. This image shows the order and location of the deposited hatches, for each layer, ia the closed-loop builds. The hatch location number is indicated by the
gray-scale color bar. On each layer (vertical axis), the location at which a hatch was depositzd can be determined by matching the hatch order (horizontal axis) with

the hatch location number (top color bar).

earlier: the control system drove the processcs into a near-steady
state by the seventh layer.

In summary, the control system was highly active during the
build. The hatching sequence was significantly altered for all
but the first layer. The time to deposit cach layer increascd with
each deposited layer until reaching a steady-state by the sev-
enth layer. The order in which hatches were deposited similarly
reached a steady-state by the seventh layer. Beyond the seventh
layer, an average of two hatches were skipped on each pass.
This suggests a potcntial improvement in the control algorithm:
checking the second- or third-nearest hatch temperature rather
than the temperature of the nearest hatch.

3.2. Effect of control on macro and microstructure

In bcth the open-loop (Fig. 11(a)) and closed-loop
(Fig. 11(h)) builds, thc macrostructures parallel to their length
and along the centerlines, were characterized by large, colum-
nar prior- grains extending several millimeters in length from
above the hcat-affected zone (HAZ) to the top of the build. This
is typical of AM Ti-6Al-4V deposits and has been explained
to result from epitaxial layer-to-layer grow of B grains, from
the bottom to the top of the solidifying melt pool, prior to cool-
ing [7,8]. There was however a difference, between the open-
and closed-loop builds: the orientation of prior-f grains. While
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eolumnar prior-f3 grains were slanted away from the vertical
direction in the open-loop build, B grains were nearly vertical
in the elosed-loop build. This is eonsistent with previous obser-
vations that eolumnar 3 grains orient themsclves parallel to the
thermal gradient [7,8].

To explain the slanting of prior-f grains, econsider an uncon-
trolled, sequential hatching strategy proceeding from left to
right, shown in Fig. 12. Due to multiple laser passes, the tcmper-
ature on the left-hand side of the last drawn hatch is higher than
the substrate temperature to the right of the last hateh. Assum-
ing cooling is dominated by eonduction of heat into thc part,
temperature gradients can be cxpected to appear as sketched
in Fig. 12 and the thermal gradicnt will be oriented down as
shown in the figure. Beecause B grains orient themselves along
the thermal gradient and grow epitaxial from layer to layer, they
will appear slightly slanted in the open-loop build (Fig. | 1(a)).
In eontrast to this, the elosed-loop build rcquired initial hatch
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Fig. 12. Illustration of thermal gradients during sequential haiching.

temperatures to be below adefined threshold and resulted in miul-
tiple back-and-forth passes on each layer. Heat input was spread
miore uniformly on each layer and the thermal asymmetry along
each side of a deposited hatch was reduced. Thus, temperature
gradients wcre oriented perpendicular to the substratc surface,
resulting in vertically aligned, rather than slanted, prior-g gains.

Within the columnar, prior-@ grains, the microstructure of
each build appeared to consist of fine, acieular a platelcts with a
small amount of intergranular 3. Seanning eleetron mieroscope
(SEM) images, recorded in backsecattered mode, of the open-
loop and closed-loop builds along the center of the middlc,
narrow section of the geometry, are shown in Fig. 13. Corre-
sponding measurements of the a-lath widths, as a function of
distanee from the top of the deposit, are provided in Table 1. In

narrow . iide

Fig. 11. Macrostructure of the (a) open-loop and (b) closed loop builds. The gray, dashed rectangles indicate 1he locations of hardness indents. On each build,

haiching started from lefl 10 right.
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Fig. 13. Backscatter SEM images through the middle of the open-loop (a—c) and closed loop (d-f) builds. Microstructure was imaged at (a, d} 1 mm, (b, &) 4 mm,

(c, f) 6 mm from the top surface of each build.

Table 1
a-Lath width through the middle of the open-loop and closed loop builds.

Distance from top (mm) a-Lath width (um) Standard deviation (pm)

Open-loop

1 047 0.11
4 0.63 0.13
6 0.95 0.28
Closed-loop

1 0.29 0.07
4 030 0.08
6 033 0.08

the open-loop build (Fig. 13(a—c)), the width of « laths increased
from the top to the bottom of the deposit. The change in lath
width with distance from the top of the deposit was verified as
statistically significant (p-value < 3.82¢ — 10) using an Analysis
of variance (ANOVA) assuming a 95% confidence interval for
the mean. In the closed-loop build (Fig. 13(d-f)), no statisti-
cally significant change in lath width with location was found
(ANOVA p-value>0.23). Average lath-widths were approxi-
mately 1.6-2.9 times smaller in the closed-loop build than in
the open-loop build.

Differences in the a-lath widths betwecn the open- and
closed-loop builds can be attributed to differences in thermal
conditions during the builds. Kelly and Kampe [35] have argued
that wider o laths, within directed-energy deposited parts, may
result from greater time above some threshold temperature
below the B transus (996 °C). If correct, this may explain why
the open-loop build exhibited wider a-laths and why lath width
decreased with build height.

In addition to differences in a-lath width, the microstructures
exhibit differences in the degree of contrast observed using
backscattered electrons. As shown in Fig. 14, greater con-
trast was observed in the open-loop build (Fig. 14(a)) then
in the closed-loop build (Fig. 14(b)). Note that contrast was
enhanced in each image using contrast stretching, such that
grayscale intensities were assigned linearly from the darkest
to the brightest values in each the image. The greater varia-
tions in local contrast — and morc clearly defined o plates —
in the open-loop, compared with the closed-loop, build sug-
gests that diffusion of alloying elements was greater in the
open-loop build. We attribute this, like wider a-laths, to the
greater length of time the part was exposed to some threshold
temperature within the o—f phase field. A similar explana-
tion was suggested by Griffith et al. {36] for an observed
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Fig. 14. Backscatter SEM images of (a) open-loop and (b) closed-loop builds taken at 4 mm from the top surface of the build. Images were recorded using the same
magnification, acceleration voltage, and beam spot size. Greater contrast was observed in (a) the open-loop build then in (b) the closed-loop build, suggesting greater
diffusion of alloying elements in the open-loop build.

reduction in hardness from the top to bottom of LENS-  3.3. Hardness

deposited of a H13 tool steel. They speculated that hardness

variations were due to the tempering effect of multiple heat Variations in hardness were also observed between the open-

cycles and the resulting redistribution of carbide within the loop and closed-loop builds. The hardness profile, as a function

material. of build height, 1s shown in Fig. 15 for the middle, narrow region
0-

—*—Closed-Loop
- Open-Loop

Distance from top surface [mm]
&n
r

O
A0k i F
280 300 320 340 360 Open-Loop  Closed-Loop
Hardness HV]

Fig. 15. The hardness profile along the middle region of the dog bone build. Approximate boundaries of the build and substrate are shown. Indents in the transition
region were within the fusion zone. The sample processed with closed-loop-build-plan control was more homogeneous throughout the build than that processed
without control.
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without control.

and in Fig. 16 for the left, wide region of the geometry. Through
both regions, similar patterns emerged for the open-loop build:
the hardness was greatest near the top surface of the build,
became softer with inereasing distance from the surface and
then spiked in hardness within the fusion zone before reaching
the substrate hardness. A similar pattern has been reported by
Griffith et al. [36] for deposition of a one-bead-wide wall using
H13 tool steel. In their ease, the fall in hardness from the top
to bottom of the build was attributed to rcdistribution of earbide
within the material due to multiple heating cyclcs. Later, Costa
et al. [37] demonstrated a similar pattern for a one-bead-wide
deposit of AISI 420 stainless steel and showed that it eould be
affected by actively heating the substrate. Roy [6] also reported
hardness variations between the top and bottom seetion of a
Ti-6Al1-4V part deposited using electron beam melting. Based
on these reports, it appears that hardness variations with build
height are a byproduet of the thermal cycling inherent in laser
and e-beam AM proeesses.

Closed-loop control reduced the top-to-bottom variation in
hardness. Through the middle, narrow region of the sam-
ple, for the open-loop build, hardness varied approximately
from approximately 360 HV at 1 mm below surface of the

deposit to below 315 HV at 7mm below the surface of
the build. At approximately the same coordinates in the
closed-loop build, hardness varied from 360 to 345 HV. The
open-loop build had significantly different (unpaired #-test with
95% confidenee intervals, p-value=0.002) hardness values at
the surface of the build eompared to 7mm below its sur-
face. At the same locations, the hardness values of the build
produced using closed-loop econtrol werc not significantly dif-
ferent (p-value = 0.062). The same conclusion was drawn for
the hardness through the wider, region of the samples: The
hardness values of samples produced without control were
significantly different (p =0.038) from top-to-bottom, whercas
those under elosed-loop control were not signifieantly different
(p-value = 0.935).

In addition, the hardness measured at the middle-height in
both builds (the set of measurements at 4, 5 and 6 mm) was
significantly different for both narrow regions (p<0.00001)
and wide regions (p=0.02438). This difference ean only be
attributed to the controller. It is therefore coneluded that the
closed-loop build-plan eontroller significantly impacted micro-
hardness and effeetively reduced microhardness variations,
improving overall uniformity, along the build height.
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4. Concluding remarks

In this work, we introduccd a system architecture to enable
closed-loop control of build plan and hatch order during
directed-energy additive manufacturing. To demonstrate this
system architecture, a temperature-based controller was imple-
mented and evaluated. The control system relicd on tight
interfacing with a commercial Optomec LENS machine and
utilized a simple strategy: if the local, initial tcmperature of
a potential hatch deposition exceeded a threshold temperature
(415 °C) within the a~[ phase field, it was temporarily skipped,;
otherwise, the hatch was deposited. This strategy resulted in
control of the alignment of prior-B grains, more uniform a-lath
widths, and possibly less diffusion of alloying clements within
the build. In addition, uniformity of microhardness within the
controlled build was enhanced.

The results indicate that intra-layer, build-plan control pro-
vides significant advantages and greater research along this
direction is warranted. Additionally, controllers modeled after
the one presented here offer tremendous flexibility in terms of
control strategy. For instance, the threshold temperature can be
specified for every possiblc deposition path based on heuristic
knowledge or physics-based models. With slight modifications,
specific paths can also be altered in mid-build, for control of
macrostructure, microstructure, residual strcss, distortion, and
part properties. One topic of future research is how closed-loop
control of path plan impacts uniformity of other physical proper-
ties, such as fatigue, elongation and strength along with potential
for in-process defect corrections.
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Abstract

Critical components produced via additive manufacturing must be free of unwanted defects.
While defects may be detectable after deposition using nondestructive testing techniques,
detecting defects during the deposition process offers many benefits: it may enable users to
interrupt deposition to repair the part, or to abort deposition to minimize further loss of time and
material. Here, we present a method for real-time defect detection during directed-energy
additive manufacturing of metals. The method utilized optical emission spectroscopy and a
custom-built data acquisition and control infrastructure. It was implemented on a LENS MR-7
machine, and employed during manufacturing of Ti-6Al-4V components in which defects were
intentionally introduced. Emission spectra were correlated with defect locations, determined via
computed tomography and metallographic cross-sectioning. Preliminary results indicated that
defect formation was correlated with atomic titanium (Ti I) and Vanadium (V 1) emissions and
that measurement of the line-to-continuum ratio for line emissions could be used for defect
detection. Based on these findings, sensing strategies for defect detection and, potentially, in-
situ-defect repair may be realizable.

1. Introduction

Additive manufacturing (AM) has emerged as a potentially-transformative technology.
However, a key obstacle to adoption of AM as a means to produce components for critical
applications is qualification and certification. This is particularly true for manufacturing of metal
components. Additively-manufactured, metal components are typically fabricated though
powder-bed, powder-blown, or wire-based processes, each of which requires melting and
solidification of many individual tracks using a laser or electron beam. During processing,
defects can result from improper parameter selection, melt pool instability, greater-than-
predicted thermal deformation, environmental or process anomalies (such as gas contamination,
a damaged recoater blade, or a clogged powder nozzle), energy source fluctuations, and other
machine malfunctions. Monitoring AM processes for such in-process errors is vital to component
and process qualification.

Researchers have developed numerous strategies to perform in-process monitoring for
metal AM. Broadly, in-process signals can be classified in three categories: beam characteristics,
worktable/motion characteristics, and process characteristics [1]. Specifically, researchers have
monitored laser/e-beam parameters, melt pool metrics, part temperature, feed material or powder
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bed, geometry, and optical emissions during processing. See [1]-[4] for reviews on in-process
monitoring for laser-materials processing and AM.

A common strategy is sensing and control of melt-pool size [5]-[9] or temperature [10],
[11]. Other efforts have attempted to maintain a constant layer build height by directly sensing
build height and adjusting processing head position [12], processing speed [13], [14], filler
material feed rate [15], or laser power [16]. Recently, researchers have also investigated the use
of optical emission spectroscopy (OES) for monitoring of AM processes [17]-[19].

Optical emission spectroscopy has long been used to better understand physical
mechanisms and to monitor conditions during laser-materials processing. In COz laser welding
of AISI 304 stainless steel, Ancona et al. [20] used in-process OES to measure the excitation
temperatures of iron, chromium, and magnesium vapors and found that welding defects
correlated with fluctuations in one or more species temperature. OES has also been used to study
the effect of gas shielding [21], vaporization [22], [23], and weld quality [24] during laser
welding. It has also been used to study processing regimes and oxidation during laser nitriding of
titanium [25].

Recent studies by Bartkowiak [17] and by Song, Wang, and Mazumder [18], [19]
demonstrate the potential utility of OES for monitoring of AM processes. Using powder-blown,
direct-energy deposition, Bartkowiak demonstrated that spectral line emissions varied with
energy input during deposition of Inconel 625. Also using directed-energy deposition, Song and
Mazumder [18] found that analysis of the ratio of specific chromium (Cr I) to iron (Fe I)
emission lines could be used to accurately determine chromium concentration in AM of H13 tool
steel mixed with 10-60% chromium. Predictions of the chromium concentration using the
gaseous plume excitation temperature and electron density were also attempted, though they
proved less reliable than the line ratio technique. Further investigations [19], also indicated that
phase transformations can be detected using the line ratio technique. These works, along with

earlier works on weld-quality monitoring, inspire the use of OES for investigation of metal-based
AM.

Here, OES is used to investigate defect detection during AM of Ti-6A1-4V using the
Optomec, Inc. LENS process. Preliminary OES data and analysis techniques are presented. It is
demonstrated that the line-to-continuum ratio of spectral atomic line emissions can be correlated
with the formation and presence of lack-of-fusion defects.

2. Experimental Setup

Additive manufacturing experiments were conducted on an Optomec LENS MR-7 laser-
based, directed-energy-deposition system. The LENS system utilized a 500 watt, Ytterbium-
doped fiber laser (IPG YLR-500-SM). The laser beam spot size was measured, using a Primes,
GmbH FocusMonitor system, to have a second-moment diameter of 1.24 mm at the working
distance. As shown in figure 1, a working distance of 9.27 mm was used, as measured from the
substrate to four, radially-symmetrically powder-delivery nozzles. Centered within the four
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powder nozzles was a center-purge nozzle though which a coaxial flow of argon exited onto the
substrate.

A custom designed-and-built, sensor-mounting fixture surrounded the laser processing
head. The fixture assembly is shown in figure 1. Mounted onto the fixture was a spectrometer
fiber with a 400 pm diameter silica core. The opening of the optical fiber was protected with a
UV-fused silica window and located 59.7 mm from the melt pool. The viewing angle of the
spectrometer was 75 degrees with respect to the laser beam. The opposite end of the optical fiber
was coupled to an Ocean Optics, Inc. HR4000 CG UV-NIR spectrometer with a spectral range
from 200 to 1100 nm and an optical resolution of 0.50 nm (full width at half maximum).
Absolute intensity calibration was not performed on the spectrometer. The spectrometer was
synchronized with part buildup, using custom-written software, such that the time, position,
layer, and hatch number were all stored with each collected spectrum. A spectrometer integration
time of 100 ms and a capture rate of 8.33 Hz were used.
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Figure 1: (a) LENS processing head with custom-build, sensor-mounting fixture. (b) Image of
fixture, taken during processing, showing spectrometer fiber.

Both the substrate and filler material were ASTM grade 5 titanium (Ti-6Al1-4V). The
powder was spherical, Extra Low Interstitials (ELI)-grade with a mean particle size distribution
of 126.8 pm (stdev = 45.94 pm). The substrate was 3.175 mm thick and ground-finished. Prior
to processing, the substrate was cleaned with acetone and isopropyl alcohol.

Processing was conducted in a positive-pressure, argon-filled chamber, maintained at 2 to
3 inches of water (498 to 748 Pa) gauge pressure. Oxygen was below 20 ppm during processing.
Titanium powder flow rates were measured at 3 grams per minute. A measured output laser
power of 450 W, and a processing speed of 10.58 mm/s were used for part deposition.

A rectangular block, shown in figure 2, with internally-varying hatch spacing was
selected for deposition. The block was built-up using a total of 71 layers spaced 0.173 mm apart.
On each layer, a total of thirty-nine parallel hatches were deposited. Each hatch was 3.18 mm
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long, extending along the width of the block. As shown in figure 3, the spacing between hatches
was increased from 0.914 mm at one end of the block to 1.829 mm at the other. Hatch spacing
was incremented by 0.229 mm every ten millimeters.

(a) (b)

Figure 2: (a) Part geometry with dimensions in millimeters. (b) Image of deposited part.

On each layer, a contour was first deposited along the perimeter of the part, followed by
hatches. Hatches were deposited using a zig-zag raster, as shown in figure 3. The order of
hatches was unchanged from layer to layer. This geometry was purposely chosen to introduce
lack-of-fusion defects between neighboring hatches within the widely-spaced-hatch regions.

I

Figure 3: Illustration of deposition path (not to scale). A contour was deposited on each layer
followed by hatches starting at the lower right corner of the figure.

Length [mm]

After buildup, parts were cross-sectioned through their middle, perpendicular to the hatch
vectors, then ground and polished using standard metallographic techniques. Polished cross
sections were etched using Krolls reagent and imaged under an optical-microscope equipped
with a digital camera. Computed topography (CT) scans were also taken using a GE phoenix
v|tomel|x m system using a 300 kV microfocus tube.
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Figure 4: Cross-sectional macrograph of deposited part.

3. Results and Data Analysis

A cross-section, taken though the center of the deposit, perpendicular to the hatching
vectors (figure 4), revealed internal lack-of-fusion defects between hatches spaced at and above
1.6 mm apart. CT scans of the build (figure 5) confirmed the presence of defects midway through
the width of the build. Lack-of-fusion was most prominent for hatches 35 to 39, which were
spaced 1.829 mm apart, though defects were also observed at hatches spaced 1.372 mm apart.
Based on CT-scans, these lack-of-fusion defects were observed only between hatches and not
along the outer contours of the deposit—see figure 5.

Manual observations of collected spectra indicated that spectral emissions attributable to
atomic titanium and vanadium emissions were more intense over regions where defects were
observed. Optical emissions captured over layer 35, shown in figure 6, illustrate this observation.
Line emissions around 625, 550, 520, 500, 453, 445, 430, and 395 nm were most intense
throughout the regions with intentional defects, i.e. hatches 19 through 39.

- [ —

Figure 5: CT-Scans at three locations though the deposit. The center of the deposit was at
approximately Z=0 mm.
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Figure 6: Optical emission spectra captures above hatch 35 (blue) and hatch 8 (green) on layer 30
of the deposit. Atomic emissions of titanium and vanadium were observed over hatch 35, where
lack-of-fusion defects were also observed. Note that scattered laser-beam light was observed at

1070 nm.

Based on the observation that line radiation was most prominent over defect regions, a
line-to-continuum ratio technique was investigated for correlations with defect location. The
continuum radiation was defined according to equation (1),

AotAA (g + AA) — 1(Ag + AR)
lcontinuum :f

“AdA+ 1R — AN)dA,
Ao—BA 242 ’

(1
Where I(4) is the observed spectral radiation for a wavelength 4, A, is the central wavelength,

and 2AA is the wavelength window over which line emissions were observed. Line emissions
over the wavelength window was defined according to equation (2),

Ao +AA
]lo = f I(A) dA = Icontinuum (2)
Y

An illustration of the line radiation and continuum radiation is provided in figure 7. The line-to-
continuum ratio was defined as Iy /Icontinuum-
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Figure 7: Definition of I} and I .ontinuum-

Preliminary analysis of the line-to-continuum ratio was conducted around 550 nm, with a
wavelength window of 10 nm and around 430 nm with a wavelength window of 7 nm. Within
each region, several overlapping titanium (Ti I) line emission were observed. The spectrometer
resolution was insufficient for deconvolution of individual spectral lines. The average line-to-
continuum ratio for each region, on layer 30, as a function of hatch number, is shown in figure 8.
Around both 430 and 500 nm, the line-to-continuum ratio was lowest for defect-free hatches.
Beyond hatch 28, the line-to-continuum ratio values above 0.3 were observed. This indicated the
presence of strong line emissions over defect-containing hatches.
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Figure 8: Average line-to-continuum ratio, around (a) 550 nm and (b) 430 nm emission lines,

over each hatch of layer 30.
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4. Discussion and Concluding Remarks

Observed optical emission from excited or ionized gases above a substrate are influenced
by many factors, including present atomic and molecular species, species concentration, ion,
electron and excitation temperatures, and the optical thickness of the plume. These factors are in
turn influenced by how the laser interacts with the melt pool, how and which species are
vaporized, and interactions of the laser beam with emitted species and with atmospheric gases.
Thus, fluctuations in melt pool dynamics or in the surrounding substrate temperature—for
example, due to localized heating of an insulated defect—affect the characteristics of excited and
ionized gases above the substrate. Given this, optical emission of excited gases and plasma may
serve as a proxy for monitoring weld pool, surface, and subsurface conditions during additive
manufacturing.

Our results indicate that defects formed as a result of improper parameter section, and
possibly melt pool instability, correlated with increased and fluctuating line emissions from
excited gases above the melt pool. In the experiments described here, Ti-6A1-4V was deposited
atop a Ti-6Al-4V substrate. The line-to-continuum ratio of Ti I emissions around 430 nm and
550 nm were found to correlate with defect locations. Over defect-containing regions, the line-
to-continuum ratio fluctuated from hatch to hatch; this may be indicative of instabilities within
the excited gases above melt pool during deposition.

Based on this work, we argue that optical emissions sensors may be used for monitoring
lack-of-fusion defects between hatches, and instabilities during the additive manufacturing of
metals. The extent to which this technique can be applied to monitoring of lack-of-fusion
between layers is being explored. Work is also ongoing to explore the potential of applying high-
speed camera imaging, photodiodes, and custom-built spectrometers to further explore the line-
to-continuum ratio technique, described here, for defect detection. Applications to other metallic
systems and other AM processes are also being explored.
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Additive Manufacturing of Ti-6Al-4V Using a Pulsed Laser Beam

ABDALLA R. NASSAR and EDWARD W. REUTZEL

Microstructural development in directed-energy additive manufacturing of metal components is
a complex process that produces parts with materials whose microstructure and properties are
influenced by multiple heating and cooling cycles. Much work has been undertaken to correlate
microstructural development with processing conditions, such as laser power and processing
speed. Here, the microstructure and indentation hardness of a Ti-6A1-4V component processed
with a pulsing laser beam and a continuous wave (CW) laser beam are investigated. It is found
that the pulsed-beam build showed no statistically significant variation in lath width or
indentation hardness with build height while the build deposited with the CW beam showed a
statistically significant decrease in hardness and an increase in lath width near the middle of the
build. The reduction in variability with beam pulsing is attributed to rapid cooling rates within
the melt pool, a greater degree of melt pool stirring, and reduced aging during part build-up.
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1. INTRODUCTION

ADDITIVE manufacturing (AM) of metal compo-
nents has gained much attention in recent years, with
metal-based AM machine sales increasing by 75 pct
from 2012 to 2013.1" This can, in part, be attributed to
the ability to rapidly produce high-value components
directly from a digital CAD model. Metal components
are commonly built using one of two methods: powder-
bed fusion or directed-energy deposition.”) In the
former, a laser or electron beam is scanned over a bed
of powder; while in the latter, powder is blown or wire is
fed into the melt pool formed by a laser or electron
beam. In both cases, parts are built up layer-by-layer.

Though processing itself is straight-forward, the
resulting internal part microstructure can be complex
and non-uniform. Parts produced using AM undergo
multiple, complex thermal cycles which can result in
internal variations in microstructure and properties.
Such intra-build variations have been observed to
depend on part orientation, part size, and the scanning
pattern used for part build-up. Intra-build variations
have been witnessed in both powder-bed and directed-
energy processes.

Of particular interest is the study of intra-build
variations in AM-produced titanium alloy titanium-
6 pct aluminum-4 pct vanadium (Ti-6Al-4V) compo-
nents. This alloy, also known as Grade 5 titanium, is
favored in biomedical, aerospace, and defense applica-
tion, due to its non-toxicity, low weight, high strength-
to-density ratio, and low creep at high temperatures.
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Within Ti-6Al-4V, microstructural variation is charac-
terized by the size, shape, orientation, and ratio of the a-
and f-phases, prior-beta grain structure, as well as the
existence of the diffusionlessly transformed of phase.
Details of microstructural features can be correlated to
the mechanical properties of Ti-6Al1-4V.F) Typically, the
microstructure of additively manufactured Ti-6Al-4V
components consists of Widmanstitten «-f, with f
present between narrow a-laths, and large, columnar,
prior-beta Frains extending from the bottom to the top
of builds.t*

A. Intra-build Variations in AM of Ti-6Al-4V

Intra-build variations, such as a transition from a
Widmanstitten to a martensitic «’ microstructure, have
been observed to occur near the top surface of parts
produced using the Arcam, powder-bed, electron-beam-
melting (EBM) process.”! Also using EBM, Murr
et al reported a 1.5 to 2 times increase in a-lath width
from the bottom to the top of a 6.8-cm tall, cylindrical
build—measurements were made 1 ¢m from the bottom
and | cm from the top of the build. Alpha-lath widths
have also been reported to vary from interior to exterior
build locations along the same build height.!”

Variations in microstructure have also been observed
in the directed-energy, laser engineered net shaping
(LENS®) process. Qian et al. reported that the o-lath
width was larger in the middle than at the bottom or top
of single-wall builds.'”! Using a powder-blown, directed-
energy deposition (DED) process, similar to LENS but
with much higher power (11 kW rather than ~500 W in
the case of Reference 7), Kelly and Kemp! also
observed smaller o-laths near the top of a single-wall
build and a grading of «-lath widths within each
deposited layer. They argued that layer bands (dark,
periodic lines perpendicular to the build direction) were
due to a change in morphology from a Widmanstitten «
to a colony a morphology, caused by a slow cooling rate
from above the f§ transus temperature. They further



argue, and present a numerical model” as further
evidence that this banding occurs, not during the
deposition of the layer on which it is observed, but as
a result of reheating of buried layers during deposition
of subsequent layers above the o dissolution tem-
perature—the temperature in the «-f region where o
begins transforming into f—but below the S transus
temperature. For this reason, henceforth, these banded
features are referred to as reheating bands.

Intra-build variations in the microstructure can be
expected to correspond to variations in mechanical
properties. Variations in indentation hardness and mi-
crostructure within AM builds have been shown across a
range of AM processes, ranging from high-deposition-
rate, multi-kilowatt-electron-beam-based processes to
low-deposition-rate, ;J)owder—bed processes.[m] For
example, Murr, et all reported that Vickers hardness
decreased from the bottom to the top of Ti-6Al-4V builds
produced using the ARCAM electron beam melting
(EBM) process. Depending on processing conditions,
hardness varied from the bottom to the top of build by 0.4
to 1 GPa (30 to 100 HV).¥} Using the same process,
Hrabe and Quinn reported a decrease in hardness, from
exterior to interior build locations along the same build
height, along with a counterintuitive decrease in a-lath
thickness.[) Conversely, using the LENS process to build
a single-wallin HI3 tool steel, a decrease in hardness from
the top surface of the build to the substrate has been
reported.['""'* Variations in mechanical properties, such
as strength and ductility, have also been shown to be
influenced by part shape and size.['*)

B. Influence of Beamn Modulation

A comprehensive model linking processing conditions
with resulting microstructure and mechanical properties
has not yet been developed. However, it is well known that
microstructure formation is governed by material tem-
perature, time, thermal gradients, cooling rate, induced
stresses, and melt pool dynamics. Given this, variations in
beam power can be expected to influence microstructure.
Results from investigations of laser, electron beam, and
arc-welding support this assertion. Peak power density
during laser welding of Ti-6Al-4V has been shown to
influence microstructure and hardness."" Arc modula-
tion, arc pulsing,"”] and magnetic stirring!'®! have also
been reported to enhance flow within the melt pools and
result in refined grain structures. Itis thought that refining
may occur though dendrite fragmentation, multiple
cycling though the «-f transus, reduced weld-pool ther-
mal gradients, or changes in the direction of the maximum
thermal gradient.!”) Sundaresan er a/' argue that
reduced and changing direction of the thermal gradient,
through melt poolstirring, are more likely to contribute to
grain refinement.

Recently, Mitzner e al.'® investigated beam and arc
modulation in electron beam and gas tungsten arc
additive manufacturing, respectively. They found that
a-lath width was reduced with current modulation;
prior-beta grain boundaries became more equiaxe; and,
hardness values, as measured in the Y-Z, X-Z, and X-Y
planes (where +Z is the build-up direction) became

more isotropic with modulation. 1t should be noted that
hardness values were averaged across a cross section in
the “steady-state region” taken in each plane. The
“steady-state region” was presumably the region near
the center of the build.

Here, we investigate the use of laser-beam pulsing as a
means to refine part microstructure and to reduce intra-
build variations in Ti-6Al-4V builds deposited using a
powder-blown DED process. This is done though
comparison of two builds, each processed with identical
energy input per unit length (average power/speed), but
different laser-modulation modes. One build was pro-
cessed using a continuous wave (CW) beam while the
other was processed using a pulsed beam. The
macrostructure (Section 111-A), microstructure
(Section 111-B), and indentation hardness profiles
(Section 111-C) of each are compared and contrasted
to understand the effects of laser-beam pulsing.

II. EXPERIMENTAL METHODOLOGY

A. Physical Setup

An Optomec LENS MR-7, laser-based, directed-
energy-deposition system was used for deposition. The
system was equipped with a 500-watt Ytterbium-doped
fiber laser (IPG YLR-500-SM) which was focused to a
second-moment spot diameter of 0.62 mm at a distance
of 20.7 mm above the substrate. Beam size measure-
ments were made using a PRIMES GmbH Fo-
cusMonitor. As shown in Figure 1, the laser spot size
was 1.24 mm at the working distance, which corre-
sponded to a space of 9.27 mm between the substrate
and four, radially symmetrically powder-delivery noz-
zles. Nozzles had an exit orifice diameter of 1.2 mm and
were oriented at [8.25 deg with respect to the laser-
beam propagation direction. Centered among the pow-
der nozzles was a 6.35 mm diameter, center-purge
nozzle, through which 30 Ipm of argon flowed.

During deposition, the substrate was in the X-Y plane
while the laser processing head remained stationary.
After each layer deposition, the laser head was trans-
lated upward (in the + Z-direction) by a predefined
layer increment.

B. Materials

Ti-6Al-4V structures were deposited atop Ti-6Al-4V
substrates. Annealed and ground-finished, 3.175 mm
thick, substrates were used. Prior to processing, substrates
were cleaned with acetone and isopropyl alcohol. Extra
low interstitials (ELI)-grade powder was obtained from
Phelly, Inc. Mean powder particle size was measured, using
a Horiba LA950 particle size distribution analyzer, at
[26.8 pm with a standard deviation of 45.94 um.

C. Process Parameters

The processing chamber held an argon atmosphere,
with an oxygen concentration below 20 parts per
million, and a gauge pressure between 498 and 748 Pa

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 2—Laser power in pulsed mode.

(2 to 3 in. of water). The pressure was maintained using
a pressure regulator along with inlet flows of argon from
the coaxial purge nozzle and the powder-delivery
nozzles. Powder flow was measured and maintained at
3 g per minute using a powder feeder assisted by a 4-lpm
argon flow.

Builds were deposited in one of two configurations.
In the first, the laser was operated in CW mode, at a
measured output power of 450 £ 25 W, and a pro-
cessing speed of 10.58 mm/s (25 in./min). In the sec-
ond, the laser power was modulated to produce
periodic, square waves with a period of 100 ms and a
duty cycle of 50 pct. Power as a function of time is
plotted in Figure 2. To maintain the same energy input
per unit traverse length as in CW mode, the processing
speed was reduced to 5.29 mm/s (12.5 in/min) in pulsed
mode.

D. Part Geometry and Build Plan

A rectangular block, 3429 mm in length and
12.5 mm in width, with an internally varying hatch
spacing was selected for deposition. The block was
built-up using a total of 35 layers with layer increment
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set point of 0.178 mm. It may be noted that the actual
build height of each block exceeded the product of the
layer increment by the number of layers. This layer
increment was intentional set slightly below the an-
ticipated layer thickness to account for, and take
advantage of, the self-regulating nature of powder-
blown DED.

On each layer, a total of twenty-six parallel hatches
were deposited using a back-and-forth raster. The hatch
order was reversed from layer to layer. Each hatch was
12.5 mm long, extending along the width of the block.
This geometry was selected as part of unrelated work on
defect detection, which will not be discussed in this
article. For the present study, only the first set of six
hatches, spaced center-to-center 0.914 mm apart, are of
interest.

E. Characterization

Builds were cross-sectioned midway through the
width of the part and perpendicular to the hatches.
Cross sections were ground and polished according to
standard metallographic techniques and drop etched
using Krolls reagent. Microstructure was characterized
using an optical microscope equipped with a digital
camera. Micrographs were captured at each reported
build height. Image contrast was enhanced using con-
trast stretching, and, to correct for non-uniform illumi-
nation, contrast-limited adaptive histogram equalization
(CLAHE) was applied, as necessary, within the
MATLAB (R2014a) software package. Reported
alpha-lath widths were manually measured at 35 ran-
dom locations within each image. Hardness indents were
made at each reported build height, near where micro-
graphs were recorded. Vickers hardness was measured
using a LECO-M-400-G1 hardness tester using a load of
1 kgf applied for 10 seconds. Each reported hardness
value is based on the average of five measurements along
each reported build height.

III. RESULTS

A. Macrostructure

Polished and etched cross sections of the as-deposited
builds are shown in Figure 3. The height of the CW
build (Figure 3(a)) peaked around the third hatch at a
height of 9.93 mm whereas the height of the pulsed-
beam build (Figure 3(b)) peaked around the second
hatch at a height of 9.65 mm.

Cross sections of both builds were characterized by
columnar prior-f grain boundaries. The prior-f grains
were on the order of a millimeter in width and extended
several millimeters from the bottom of the build (above
the heat-affected zone (HAZ)) to the top of the deposit.
Approximately, seven prior-beta grains were present
across the first six hatches of the CW build while eight
prior-beta grains spanned across the six hatches of the
pulsed-beam build.

Within and across the prior-beta grains, reheating
bands were distinguished as dark regions extending
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Fig. 3—Macrostructure of build derosited using (@) CW laser and
(h) pulsed laser team. Gray, dashed boxes indicate locations of
hardness indents.

horizontally though the cross sections. In the case of
CW build, layer bands were not observed 2.5 to 3.5 mm
from the top surface of the Suild. In the case of the
pulsed-beam build, reheating sands extended nearly to
its top surface.

B. Microstructure

The microstructure of both the CW and pulsed-beam
builds were characterized by thin a-laths oriented in a
Widmanstétten basket-weave pattern. High-magnifica-
tion micrographs are shown at several build heights for
the CW build in Figure 4 and for the pulsed-beam build
in Figure 5.

The primary distinction between the builds is the size
of a-laths. Alpha-laths in CW build (Figure 4) were
wider than in the pulsed-beam build (Figure 5). In the
CW build, a-laths also varied :n size with build height,
appearing widest near the middle of the build
(Figure 4(c)) and narrowest near the top (Figure 4(f)).
In contrast to this, a-laths in the pulsed-beam build
appeared similar irrespective of build height.

Measurements of the a-lath widths, using the micro-
graphs in Figures 4 and 5, confirmed that a-lath widths
varied significantly with build height in the CW build
but not in the pulsed-beam build. The widths of a-laths
as a function of distance from -he top surface, for both
builds, are shown as box plots in Figure 6. Near the top
of the CW build, 1.5 mm from the top surface, the a-lath
width was 0.78 um. It then peaked at a distance of
5.5 mm from the top surface, reaching 1.54 pm, before
falling to 1.27 um at 9.5 mm from the top surface, near
the substrate. In the pulsed-beam build, the a-lath width

averaged near 0.62 pm at all locations (within +0.08/
—0.04 um).

An analysis of variance (ANOVA), assuming a 95 pct
confidence interval, showed that in the CW deposit there
was a statistically significant variation of lath width with
build height. The ANOVA p value was 1.12 x 107%°, In
contrast to this, the pulsed-beam build showed no
significant variation in lath width with build height
(p value of 0.142).

Possible differences in a-lath widths within and between
reheating bands were also tested for statistical significance.
Figure 7 juxtaposes micrographs taken at reheating band
locations with those taken outside the banded region
at a nearby location. The micrographs were taken
approximately 6.5 mm from the top surface of the CW
build and 4.5 mm from the top surface of the pulsed-beam
build. Diffuse illumination was used in Figure 7, « appears
black while inter-granular f appears white.

In both the CW and pulsed-beam builds, statistically
significant differences were found in mean «-lath width
within compared to between reheating bands. In the CW
build, within the banded region the o-lath width
averaged 1.0 um (stdev = 0.22). Between the banded
region, the lath width was larger, averaging 1.22 um
(stdev = 0.30 um). Although differences were within
one standard deviation, an unpaired ¢ test p value of
0.0014 established that the difference was statistically
significant. Within the pulsed-beam build, «-lath width
averaged 0.52 um (Stdev = 0.10 um) within the banded
region and 0.61 ym (Stdev = 0.16 um) between the
banded region. As in the CW build, the difference in
mean values was within one standard deviation but
statistically significant (unpaired ¢ test p value =
0.0056).

Qualitatively, it also appeared that regions within the
darker, reheating bands contained more aligned
a-platelets, known as colony alpha, than regions outside
the bands—quantitative measurement was not attempt-
ed. If true, this is in agreement with the observations of
Kelly and Kemp.!® The higher percentage of colony «
within reheating bands may be responsible for their
darker appearance under diffuse lighting. That is, light is
preferentially scattered along specific directions from
aligned plates, resulting in a darker appearance when
the direction of scattering was not toward the observer.
Between reheating bands, the orientation of alpha
platelets may be more random resulting in light being
scattered more uniformly.

C. Indentation Hardness

Vickers hardness was measured starting at 0.5 mm for
the top of each build to the substrate, at 1 mm
increments. At each height increment, five hardness
measurements were recorded. Results are shown as box
plots in Figure 8. An ANOVA analysis of hardness
showed that, from 0.5 to 8.5 mm below the surface of
the CW build, there was a statically significant varia-
tions in hardness with distance (p = 0.0057). In the CW
build, hardness was highest near the top surface; at 0.5
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Fig. 4—Micrographs of the build processed using a CW laser beam. High-magnification images are shown for the locations indicated on the left-

hand-side of the figure,

and 2.5 mm from the top surface, hardness peaked at
319 and 321 HV, respectively, Hardness was lowest in
the middle of the build; at 5.5 mm from the top surface
hardness dropped to 299 HV, Hardness increased from
the middle of the build to the substrate until reaching
the substrate hardness of 326 HV,

For the pulsed-beam build, there were no significant
changes in hardness values with distance (p = 0.37)
from 0.5 to 7.5 mm below the top surface, Hardness was
highest 0.5 mm from the top surface at 342 HV.
However, average hardness from 0.5 to 7.5 mm below
the substrate surface was within +5/—4 HV of 337 HV.
Near the bottom of the build, at 8.5 mm from the top
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surface, average hardness increased to 352 HV before
falling to the substrate hardness of 326 HV.

IV. DISCUSSION
A, Macrostructure

The macrostructure was characterized by columnar
prior-beta grains and visible reheating bands, The
formation of elongated prior-f grains extending from
the bottom to the top surface of the build i1s common-
place in AM builds. Their formation is attributed to
epitaxial growth on each successive layer, which was



Fig. 5—Micrographs of the build processed using a pulsed laser bcam. High-magnification images are shown for the locations indicated on the

left-hand-side of the figure.

parallel to the heat gradient—see References 4, 19 for
discussions regarding the formation and evolution of
prior-$ in additively manufactured Ti-6Al-4V. Laser-
beam pulsing had no apparent effect on the epitaxial
growth of the grains or their orientation.

Pulsing did, however, influence the shape of reheating
bands (evident in Figures 4 and 5). In the case of the
CW build, bands continued from hatch to hatch across
the length of the build. In the pulsed-beam build, bands
were semi-circular and overlapping from hatch to hatch.
This reaffirms Kelly and Kemps findings™® that band-
ing does not occur during the deposition of the layer on
which it is observed, but rather result from reheating a

buried layers above the o dissolution temperature during
the deposition of subsequent layers. Given this and the
observation that bands were observed nearly to the top
of the pulsed-beam build, we conclude that reheating of
buried layers was reduced in the pulsed-beam deposited
build.

One factor which contributed to reduce reheating of
buried layers in the pulsed-beam build is total deposition
time. Although the energy input per unit traverse length
was identical for both builds, the total deposition time
was doubled for the pulsed-beam build. Given the
difference in total deposition time, and identical total
energy input (assuming the laser absorption for both
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Fig. 7—Microstructure within a banded region (a, ¢) and in a region between reheating bands (b, ). Images to the left (a, b) show the
microstructure for the CW AM build while those on the right (c, d) were taken from the pulsed AM build.

processes were equal), the pulsed-beam build was cooler.
This may also be a factor in the reduced total build
height of the pulsed-beam build (9.65 mm) compared
with the CW build (9.93 mm) by affecting melt pool size
and hence powder capture efficiency.

B. Microstructure

Beam pulsing strongly affected the width of «-laths.
Within the CW build, a-laths were approximately 1.3 to
2.5 times wider than in the pulsed-beam build. In addition
to being thinner, a-lath widths were also more uniform
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throughout the pulsed-beam build. It is well known that
the size and orientation of grains within a molten pool are
controlled by solidification parameters: growth rate (R),
thermal gradient (G), and undercooling (AT). In CW
processes, the growth rate is defined by the weld-pool
geometry and traversing speed. Since the solidification
front cannot move faster than the traveling speed of the
laser, the growth rate is always below the welding speed.
The cooling rate (d7/d¢) is the product of GR.

For CW processes, the cooling rate at the center line
of a weld can be approximated using the Rosenthal
solution (Eq. [1]).?” Using a speed, v. of 10.58 mm/s, a
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thermal conductivity, k, of 6.7 W/mK, an absorption
coefficient, «, of 0.4, a power, Q, of 450 W, a solidus
temperature, T, of 1877 K (1604 °C), and room tem-
perature, Ty, of 293 K (20 °C), the cooling rate at the
center line was approximately 6.2 x 10* K/s.

dT_ ._V_ | 2
@ = "2k (T= T 1]

During pulsed-beam processing, cooling rates are
determined by multiple melting and solidification cycles.
Cooling rates are expected to be higher than in CW
processing, but their estimation requires numerical
simulation.*!” Higher cooling rates in the case of
pulsed-beam processing may explain the finer mi-
crostructure within the pulsed-beam build. Another
contributing factor may be stirring within the melt pool
due to laser pulsing. If the solidification rate was such
that the melt pool remained molten between laser pulses,
laser pulsing would have induced melt flow due to
fluctuating vapor pressure and melt temperatures. This
stirring within the melt pool, as in the case of arc
modulation,!"” and magnetic stirring!'® in arc-welding,
likely contributed to the observed grain refinement
within the pulsed-beam build, compared to the CW
build.

According to Ahmed and Rack,?? cooling rates
above 410 K/s should result in a § — «” transformation
in Ti-6Al-4V upon solidification. Given this, the mi-
crostructures in both the CW and pulsed-beam build
should have been fully martensitic upon solidification.
However, following solidification, the microstructure in
both builds continued to be affected by heating and
cooling cycles due to subsequent deposition paths. These
thermal cycles resulted in aging and likely resulted in
decomposition of martensitic «', formed upon initial
solidification. Multiple heating and cooling cycles in
AM builds have also been shown by others to result in
the growth of alpha grains and the formation of
reheating bands.™” This mechanism, coupled with
changing thermal conditions as the build progressed,
was likely responsible for the non-uniformity in «-lath
widths and microhardness observed in the CW build.
Given that there was less variation in a-lath widths and
microhardness in the pulsed-beam build, it is concluded
that aging effects were reduced and microstructure was
made more homogeneous throughout the build as a
result of pulsed-beam processing.

C. Indentation Hardness

Measured indentation hardness followed similar
trends to «-lath widths in both builds. This is not
surprising given that mechanical properties of Ti-6A1-4V
have been shown to be a function of a-lath width. For
example, it has been shown that yield strength of AM
build correlates linearly with (alpha-lath width)™%°.® A
reduction in alpha-lath width is thus expected to result
in higher indentation hardness values. A plot of
measured hardness values (for both builds) as a function
of lath widths is given in Figure 9. A linear model
explains 71 pct of the variation (correlation coefficient
R = —0.84) in hardness with a-lath width.

V. CONCLUSIONS

The microstructure and indentation hardness of two
directed-energy AM builds deposited on an Optomec
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LENS system were compared. Each was processed with
identical energy input per unit length but using a laser
operating in CW or pulsed-beam mode. The CW build
exhibited a statically significant variation in «-lath
widths and indentation hardness with build height. In
contrast to this, the pulsed-beam build produced finer
a-laths, was harder, and had no statistically signtficant
variation in x-lath widths or indentation hardness with
build height.

The smaller and more uniform e-lath widths in the
pulsed-beam build were due to rapid cooling within the
melt pool, possibly a greater degree of melt pool stirring,
and reduced thermal aging. Understanding the impact of
each of these factors will require numerical simulation of
melt pool dynamics and microstructural evolution during
processing. This work suggests that pulsed-beam AM may
be useful in forming builds with refined microstructures
and uniform microstructure and mechanical properties.
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Abstract

A thermo-mechanical model of directed energy deposition additive manufacturing of Ti-6A1-4V is developed using measurements of the surface
convection generated by gasses flowing during the deposition. In directed energy deposition, material is injected into a melt pool that is traversed to
fill in a cross-section of a part, building it layer-by-layer. This creates large thermal gradients that generate plastic deformation and residual stresses.
Finite element analysis (FEA) is often used to study these phenomena using simple assumptions of the surfacc convection. This work proposes
that a detailed knowledge of the surface hcat transfer is required to produce more accurate FEA results. The surface convection generated by the
deposition process is measured and implemented in the thermo-mechanical model. Three depositions with different geometries and dwell times are
used to validate the model using in siru measurements of the temperature and deflection as well as post-process measurements of the residual stress.
An additional model is developed using the assumption of free convection on all surfaces. The results show that a measurement-based convection

model is required to produce accurate simulation results,
© 2014 Elsevier B.V. All rights reserved.

Keywords: Additive manufacturing; Finite element analysis;, Convection model; In sifu measurements; Residual stress

1. Introduction

Directed energy deposition (DED) [1] is an additive manu-
facturing process that creates parts through the laycr-by-layer
addition of material. DED uses a high intensity energy sourcc,
such as a laser, to create a melt pool into which metal pow-
der or wire is injected. The melt pool follows a pattern to fill
each layer, progressively building the part. Several processes
are included in this standard classification, such as laser pow-
der forming, laser engineered net shaping (LENS), direct metal
deposition, and laser consolidation. The resulting complex ther-
mal history influences the microstructure, matcrial properties,
residual stress, and distortion of the final part. In an effort to
understand these phenomena, many researchers have used finite

* Corresponding author. Tel.: +1 8148633245.
E-mail address: jch252@psu.edu (J.C. Heigel).
! President of Pan Computing LLC.

http://dx.doi.org/10.1016/j.addma.2014.10.003
2214-8604/© 2014 Elsevier B.V. All rights reserved.

element analysis (FEA) to model the DED process and study its
effccts on the part [2-17].

FEA modeling of DED is inspired by weld modeling, since
it is a similar process that has been studied extensively [18-20].
Although many of the weld modeling studies are directly appli-
cable to DED modeling efforts, the convection models used are
not applicable. Some weld studies have achieved useful results
by neglecting convection while others have applied free convec-
tion uniformly on all exposed surfaces. Thesc approaches lead
to small errors in weld modeling b!;cause of the small amount
of filler material relative to the substrate, which allows most
of the heat to be conducted away from the bead into the parts
being joined. In contrast, filler material makes up the majority
of a part built using DED, resulting in longer processing times
and higher tempcratures that allow for a greater amount of hcat
loss through convection. Consequently, greater errors can occur
from inaccurate convection models in DED simulations. Com-
plex convection models are required because of the inert gas jets
often used to protect the laser optics, to shield the molten mate-
rial from oxidation, and to aid in delivering powder to the melt

Please cite this article in press as: Heigel JC, et al. Thermo-mechanical model development and validation of directed energy deposition additive
manufacturing of Ti-6A1-4V. Addit Manuf (2014), http:/dx.doi.org/10.1016/j.addma.2014.10.003
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pool. The heat transfer literaturc demonstratcs that these types
of jets create localized forced convection that is influenced by a
varicty of factors [21-23].

The literature shows inconsistent implementation of convec-
tion in DED models. Heat loss duc to convection is assumed
negligible and excluded in some models [24-27]. Convection
is incorporated in othcr models by assuming it is uniformly
distributed over all surfaces and equal to free convection in
air (=10 W/m?/°C) [5,6.10,28-33] while others havc applicd
a higher uniform convection [34,35], presumably to account for
the greater amount of surface convection caused by the inert
gas jets. Some researchers have considered the complexity of
forced convection when modeling DED. Ghosh and Choi used
the empirical equation defined by Gardon and Cobonque [36] to
account for the forced convection [37]. Zekovic and co-workers
included forced convection when modeling a thin wall deposi-
tion by using computational fluid dynamics (CFD) to calculate
the convection acting on the surface [8]. However, there was
no experimental effort to validate the CFD results for their pro-
cess. Furthermore, no work has been found in the literature that
develops a measurement-based forced convection model.

This work proposes that measurement-based convection is
a necessary component in an accurate model of the DED pro-
cess. To demonstrate this, a thermo-mechanical model for DED
of Ti-6Al-4V is developcd that implements mcasuremcents of
the convection generated by an Optomec® LENS system. The
thermo-mechanical model is validated using in situ temperaturc
and deflection measuremcnts, as well as post-process mcasure-
ments of the residual stress of three diffcrent depositions with
varying geometry and dwell times. An additional convection
model that assumes free convection is developed to illustrate the
importance of implementing forced convection in the thermo-
mechanical model.

2. DED simulation
2.1. Thermal model

The DED process is simulated by first solving the thermal
history of the process using a three dimensional transient ther-
mal analysis [17]. The governing heat transfer energy balance
is written as:

dar
pcpz = —V'q(r, t)+ Q(r’ t) (1)

where p is the material density, C,, is the specific heat capacity,
T is the temperature, ¢ is the time, Q is the heat source, r is
the relative reference coordinate, and q is the heat flux vector,
calculated as:

q=—kVT @)

where £ is the thermal conductivity of the material.

Table 1 presents the temperature dependent thermal proper-
ties for Ti—-6A1-4V [38]. Linear interpolation is used to calculate
the properties at temperatures betwecn those in the tables. At
temperatures above 870 °C, the thermal properties are assumed
to be constant. The density of Ti-6A1-4V (4.43 x 10% kg/m?) is

Table 1
Temperature dependent thermal and mechanical properties of Ti-6Al-4V
[38,15].

T(C) k(Wm/C) C,0ky C) E(GPa) oy(MPa) o(um/m/ C)
20 6.6 565 103.95  768.15 8.64
93 73 565 100.10  735.30 8.82

205 9.1 574 94.19  684.90 9.09

250 9.7 586 91.81 664.65 9.20

315 10.6 603 88.38 635.40 9.33

425 12.6 649 82.58  585.90 9.55

500 13.9 682 78.63  552.15 9.70

540 14.6 699 76.52  534.15 9.70

650 17.5 770 7072  484.65 9.70

760 17.5 858 64.91 435.15 9.70

800 17.5 895 62.80  417.15 9.70

870 17.5 959 62.80  417.15 9.70

assumcd to be indepcndent of temperature. The latent heat of
fusion is 365 kJ/kg and is spread over a temperature range from
1600°C to 1670°C [39].

The double ellipsoid model is used to describe the laser heat
source [40]:

6\/§Pnf - [%22—4.37:;__*_ 3(Z+cmhf)2 (%)
=" ¢ 3 -
aber /7

The laser power is P and the laser absorption efficiency is 7.
The value for P is based on measurement, as will be discussed
in Section 3. The valuc of 7 is found using thc method of inverse
simulation described in Ref. [17] to be 45%. The variables x,
¥, and z are local coordinates while the remaining variables (f,
a, b, and ¢) define thc volume over which thc heat source is
distributed. The volume is defined such that the heat source is
circular with a radius equal to half the deposition track width and
applied to a depth of 0.9 mm. This results in a melt pool depth to
radius ratio of 0.6, which agrees with the range extracted from
cross-sections made by Kummailil using similar processing con-
ditions [41].

Surface heat loss occurs on all free surfaces of the model
through convection, gcony, and radiation, grg. The free surfaces
of the evolving deposition mesh are included in the analysis.
Radiation is dcfincd by the Stefan-Boltzmann law:

Grad = £0(T* — Too™) 4

where ¢ and o are the surface emissivity and the
Stefan—Boltzman constant. Emissivity is temperature indepen-
dent and equal to 0.54, as in Ref. [17]. The surface temperature
and the ambient temperature are represented by 75 and T,
respectively. The surface heat loss due to convection is defincd
by

Geonv = h(Ts — Tso) (&)
where £ is the coefficient of convection.

2.2. Mechanical model

The mechanical response to the thermal history is determined
by performing a three dimensional quasi-static incremental

Please cite this article in press as: Heigel JC, et al. Thermo-mechanical model development and validation of directed energy deposition additive
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Fig. 1. An illustration of the LENS deposition head and powder nozzles.

analysis [17]. The stress equilibrium is governed by the fol-
lowing equation:

V.o =0 (©)]

where @ is the stress. The mechanical constitutive law is defined
by:

o =Ce, (7N
€ =€ +ep+er ()

C is the fourth order material stiffness tensor. The total, elastic,
plastic, and thermal strains are represented by €. €, €p, and €t.

Table | presents the temperature dependent elastic modu-
lus (E), the yield strength (o), and the coefficient of thermal
expansion («) [38,15]. The mechanical values are assumed to
be constant above 800 °C. The Poisons’s ratio is assumed to be
0.34 and temperature independent. Perfect plasticity is assumed
in the model.

Instantaneous annealing and crcep are applied to any ele-
ment when the average temperature of its Gauss points exceeds
the stress relaxation temperature, Trelax =690°C. Each strain
component in Eq. (8) is set to zero once this criteria is met.
Instantaneous stress relaxation at this temperature has been
shown by Denlinger and his co-workers to bc necessary when
modecling the deposition of Ti-6A1-4V [17].

3. Calibration and validation depositions

Single track thin walls of Ti-6Al-4V are deposited using an
Optomec® LENS MR-7 system with a 500 W IPG Photonics
fiber laser. The deposition occurs in a chamber with an argon
atmosphere that has an oxygen content of less than 15 parts per
million. A 30 L/min argon jet is used to supply argon to the
chamber, to protect the lascr optics, and to shicld the melt pool.
The Ti-6Al-4V powder dclivered to the melt pool is assisted
by four argon jets that have a combined flow rate of 4 L/min.
These four jets exit nozzles positioned around the main nozzle
and aimed at the melt pool, as shown in Fig. 1. Thc powder has
been sieved so that only particles with diameters betwecn 44 and
149 pm are delivered at a rate of 3.0 g/min. A LENS system is

392 mm

—=

e

LI12 moeme

(a) Single wall with no dwell
between layers (Case 1)

(b) Double wall with no dwell
between layers (Case 2)

37.2 mm
e

[ 10T pwimi

(c) Single wall with a 20 s dwell
between layers (Case 3)

Fig. 2. Images of the deposited thin walls.

chosen because several researchers have investigated the effect
of its processing parameters on the deposition geometry [42]
and the material propcrtics [43,44] of Ti-6Al-4V.

The model is validated using three different depositions, as
shown in Fig. 2. Each case builds a wall that is designed to
be 38.1 mm long, 12.7 mm tall, and 3 mm wide. These cases
produce different thermal and mechanical results that are used
to validate the model:

1. A single wall built using 62 layers, each one track wide,
that are deposited without any dwell between layers onto a
76.2 mm long, 25.4 mm wide and 6.4 mm thick Ti-6A1-4V
substrate.

2. A 2nd 62 layer wall is deposited on top of the wall built in
Case 1 without any dwell between each layer. This results in a
final deposition that is a total of 124 layers, hercafter referred
to as the double wall. This deposition increases the area over
which the forced convcction acts and allows a thermocouple
to be attached to the wall to monitor its temperature.

3. A 62 layer wall is deposited onto a substrate with
a 20s dwell between each laycr. This generates lowcr
temperatures comparcd to the deposition with no dwell
(Case 1).

Table 2 presents the proccss conditions used in each case.
In all depositions the nominal power is 500 W; however, power
mcasurements made using a Macken P500 power probe (with

Table 2

The test cases and process conditions used.

Case 1 2 3
Measured laser power (W) 410 415 415
Travel speed (mm/s) 8.5 85 85
Powder delivery rate (g/min) 3.0 3.0 3.0
Additional dwell between layers (s) 0 0 20
Total wall height (mm) 11.2 23.2 10.7
Measured wall length (mm) 39.2 393 372
Measured wall width (mm}) 3.0 3.1 28

Please cite this article in press as: Heigel JC, et al. Thermo-mechanical model development and validation of directed energy deposition additive
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Fig. 3. The experimental setup.

an accuracy of 25 W) before cach deposition show that the
actual power being supplied by the laser is betwecn 410 W and
415W.

3.1. Deposition measurements

In situ deflection of the substrate is mcasured by clamping
one of its ends into a fixture, cantilevering the frec end over a
laser displacement sensor (LDS), Fig. 3. The LDS used in this
study is a Keyence LK-031, which has a measurement accuracy
of £1 pm. It measures thc vertical distance to a point on the
bottom surfacc of the substrate, as shown in Fig. 4.

In sitn tempcrature is measured at several locations on the
substrate, as shown in Fig. 4, using Omega GG-K-30 type K
thermocouplcs. The thermocouples have a measurcment uncer-
tainty of 2.2°C or 0.75%, whichever is larger. TC 1 is located
on the bottom surface of the substrate, while TC 2 is on the top
surface, near the wall. Aluminum foil tape was used to shicld

76.2 mm
67.8 mm
50.8 mm
38.1 mm
5
233 mm 12.7 mm
Cl d b \l.
“lampe: 1
cnd KN L | “ < DS 254 mm
Residual stress ueasurcmant
measurement locations location
(a) Bottom of the substrate
r Deposition B
3 om | i) 23.2 mm wall height
I e | . 254 mm
t 1S men
Pepasstien 4 | | ' T i e
10 2w wadl Ieaghd
_ '! = K | mw 5 .

16, 2 nun

(b) Isometric view of the part

Fig. 4. The locations of each measurement.

TC 2 from the effects of convection during Cases 2 and 3. It was
not used during Case 1. Consequently, the TC 2 measurements
from Case 1 could not be used because the gas flow affected the
thermocouple measurements. Before the second wall is built in
Case 2, an additional thermocouple (TC 3) is welded to the face
of the existing wall, this thermocouple is not used in the other
depositions.

The post-process residual stress is measured using the hole-
drilling method at three points along the bottom surface of
each substrate. Micro-Measurements® model EA-06-062RE-
120 strain gauges, which have a measurement error of £50 MPa,
are bonded to the substrate at the locations shown in Fig. 4. The
procedures described in manufacturing engineering data sheet
U059-07 and technical note 503 arc used to calibrate each gauge.
The ASTM EB837 incremental drilling process is followed using
a RS-200 Mill Guide and a Micro-Measurements® high speed
drill. Carbide tippcd Type II Class 4A drill bits, with diameters
of 1.52 mm are used to drill each hole to a final depth of 2 mm,
in 0.25 mm deep incremcnts. The strain measurements are made
using a Micro-Measurements® P-3500 Strain Indicator and the
gauge bridges are balanccd with a Micro-Measurements® model
SB-1 Switch and Balance Unit.

4. Numerical implementation
4.1. The FEA solver

The FEA analysis is performed using CUBIC (Pan Com-
puting LLC), a Newton-Raphson bascd solver dcveloped
specifically to model additive manufacturing technologies. The
hybrid “quiet”/inactive clement activation method is uscd to sim-
ulate the deposition of material during the DED process [39].
The model initially includes all the elemcents in the substrate.
Beforc cach layer is deposited, its elements are introduced into
the set of equations. When the elements of a layer are first
introduced, they are “quiet,” that is their material properties
are scaled to be smaller so that thcy do not affect the analy-
sis before thcy are activated. Thermal conductivity (k), specific
heat capacity (Cp), and elastic modulus (E) are scaled by 107,
1072, and 10~%, respectively. The properties of an elcment are
switched from “quiet” to active when any Gauss point of the
element is consumed by the hcat source volume (Eq. (3)). In
addition to the properties being switched, the temperature of the
activated element is reset to the ambient temperaturc to prevent
crroneous heating of the element. The free surfaces of the part
are re-assessed whenever an element is switch from “quiet” to
active to ensure that convection and radiation are applied prop-
erly to the evolving part surface, which includes the interfaces
between the “quiet” and active elements.

4.2. Finite element mesh

Fig. 5 presents the 3-dimensional half-symmetry mesh that is
used for both the thermal and mechanical analysis. The black sur-
face represents the symmetry plane. The mesh comprises 23,295
nodes and 15,627 elements. There are 11,904 elements in the
25.2 mm tall, 38.1 mm long, 1.5 mm thick wall. The aluminum

Please cite this article in press as: Heigel JC, et al. Thermo-mechanical model development and validation of directed energy deposition additive
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Fig. 5. The half-symmetry finite element mesh of the substrate, wall, and the
fixture’s aluminum clamp.

clamp used to hold the substrate in the measurement fixture is
included in the mesh to account for the heat transfer from the sub-
strate into it. Each deposition layer is 1 element tall (0.203 mm)
and 2 elements wide, equating to each element being equal to
1/4 of the laser diameter. The model is mechanically constrained
such that it is cantilevered and allowed to deform in the same
manner as the experiments.

Errors between measurement and simulation results are cal-
culated by comparing instanccs in time, or by calculating the
percent error over the deposition timc:

100 :l=l l[(Tmeas)i - (Tnode)i]/(Tmeas)i|

n

% Error =

€))

where n is the total number of simulated time increments
between the beginning and end of the deposition, i is the current
time increment, Thoge is the simulated temperature, and Tyeps 1S
the measured temperaturc.

5. Simulation cases

Table 3 presents the convection models used to simulate each
case to illustrate the impact of the convection model on the sim-
ulation rcsults. The forced convection model is developed from
measurements of the distribution of & (Appendix A) and is pre-
sented in Fig. 6 for a single wall deposition (Case | or 3) when
it is half complete. This convection model is independent of the
deposition material. Fig. 6 presents the distribution of the value
of £ acting on a single wall deposition (Case 1 or 3) when it is
half complete. The free convection model assumes a uniform
coefficient of convection on all surfaces equal to 10 W/m?/°C.
This value is approximately equal to the free convection in air
used in other studies [6,5,28-31,10,32,33].

Table 3

The convection models used to simulate each case.

Convection model Ry Frogan Rausirane o uptrare
Forced —2.717:2437.174 25 1.9, 30
Free 0 10 0 10

ai:.

Fig. 6. The forced convection acting on a single wall when the wall is half
complete. The convection scale is in W/m?/ C.

6. Results and discussion
6.1. Thermal history

Fig. 7 presents the simulated temperature distribution at the
middlc of each deposition using the forced convection model.
The dcposition of a single wall with no dwell between layers
(Casc 1) gencrates the highest tempcrature, since the heatis input
quickly and the mass of the deposition is rclatively small. The
deposition of a second wall with no dwcll (Case 2) experiences
high temperatures in the wall, but lowcr tcmperatures in the
substrate compared to the first wall in Case 1. This is duc to thc
increascd wall height that adds thermal mass to the part and also
resists conduction into the substratc. Additionally, the increascd
wall height providcs a greater surface area for the convection
to cxtract heat from the part. The single wall deposition with a
20 s dwell between each layer (Case 3) experiencces the lowest
temperatures because the dwell allows for more cooling of the
part.

Fig. 8 presents the thermal measurements and simulation
results of the single wall deposition using no dwell between
layers (Case 1). The measurements made using TC 1, which
is located on the center of the bottom surface of the substrate,
are presented along with the corresponding simulation rcsults.
The mcasurement-based forced convection model results in the
best thermal simulation results during the deposition process
(0-287s), with a percent error of 2.4%, whereas the free con-
vection model results in a pereent error of 15.4%. It is clear
from these results that the frec convection model does not allow
enough heat transfer and thus the temperatures are too high. The
mecasurement-based forccd convection model results in greater
heat transfer that producc more accurate thermal results.

Fig. 9(a) prescnts the thcrmal measurements and simula-
tion results of the deposition of thc second wall using no dwell
between layers (Case 2). As the surface area increases from the
single wall (Case 1) to the double wall (Case 2), the error from
each convection model increases. The error from the frce con-
vection model increases from 15.4% (Case 1) to 22.2% (Case
2), indicating that as the part size increases, the assumption of
frcc convection leads to greater simulation error. On the other
hand, the error from the forced convection model also increases,
though by a Icsser extent, from 2.1% (Case 1) to 4.1% (Case 2).

Please cite this article in press as: Heigel JC, et al. Thermo-mechanical model development and validation of directed energy deposition additive
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Fig. 7. The simulated temperature distribution within each deposition when it is
half complete resulting from the measurement-based forced convection model.
The temperature scale is in C.

This indicates that although the forced convection model is more

accurate than the free convection model, it can be improved.
Fig. 9(b) compares the simulation results to the measure-

ments made on the wall using TC 3. It was not possible to

Process time (s)

Fig. 8. The temperature history of the single wall deposition with no dwell (Case
1). Measurements are made using TC 1, which is located on the bottom surface
of the substrate, and compared to the simulation results. The dashed vertical line
indicates the deposition conclusion.
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Fig. 9. The temperature history during the deposition of the second wall with no
dwell between layers (Case 2). The dashed vertical line indicates the deposition
conclusion.

shield the thermocouple from the effect of convection because
the thermocouple was welded on the wall closc to the deposition.
Consequently, the convection cools the thermocouple junction,
making it experience lower temperatures while the jets are flow-
ing. The temperature measurement rises quickly when the jets
are shut off at approximately 293 s. Despite this difference dur-
ing the depositions comparisons can be made at a time of 297 s,
which is after the point that the argon gas supply was shut off.
The forced convection produces a percent error of 2.2% at this
time, while the percent error resulting from the free convection
model is 16.9%. This further demonstrates the improved results
using the measurement-based forced convection model.

The greatest errors between the measurements and simula-
tions results occur during the single wall deposition with a 20 s
dwell between each layer (Case 3), as shown in Fig. 10. The
measurement-based convection model results in a 10.4% error,
while the free convection model produces a percent error of
43.8%. The increased processing time during this case allows
for a greater amount of heat to be evacuated through convection.

Please cite this article in press as: Heigel JC, et al. Thermo-mechanical model development and validation of directed energy deposition additive
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Fig. 10. The temperature history of the single wall deposition with a 20s dwell
between layers (Case 3). Measurements are made using TC 2, which is located
on the top surface of the substrate, and compared to the simulation results. The
dashed vertical line indicates the deposition conclusion.

It has been demonstrated in each case that the measurement-
based forced convection produces superior results compared to
the assumption of free convection; however, the forced convec-
tion model can be improved. This is understandable since it is
dcveloped from the measurcments made at three locations on
two different surfaces. One approach to develop an improved
model is to perform more detailed measurements to investigate
the effect of specific part geometries on convection. Another
approach would be to use convection measurcments to vali-
date CFD of the gas flow over the evolving deposition surface.
The CFD approach would enable a broader range of deposi-
tion gcometries to be modeled without necessitating further
convection measurements. Whichever approach is used, convec-
tion measurements of the specific deposition equipment must be
performed.

6.2. Deflection history

Fig. 11 shows the final simulated deformation of the single
wall deposition with no dwell between layers (Case 1). The dis-
tortion has been scaled up by a factor of 5 so that thc deformation
is evident. The dcposition process bends the part upwards and
shrinks the wall from its nominal size. Each case exhibits this
behavior.

Fig. 12 presents the mcasured and simulated deflection for
the single wall with no dwell between layers (Case 1). The LDS
deflection measurement is more sensitive to the strain of the
material nearer to the clamp as a result of the substrate being
cantilevered over it. When the laser is nearest the clamp the
thermal expansion of the material near the melt pool causes the
substrate to deflect downward. This occurs at the end of the even

Fig. 11. The simulated final deformation of the single wall deposition with
no dwell between layers (Case 1) resulting from the forced convection model.
The deformation has been scaled by a factor of 5 to emphasize the substrate
deformation.

Deflection (mm)

0 100 200 300 400 500 600 700 800
Process time (s)

Fig. 12. A comparison of the simulated and measured deflection history of the
single wall deposition with no dwell between layers (Case 1). The dashed vertical
line indicates the deposition conclusion.

numbered layers and the beginning of the odd numbered layers.
As the laser moves away from the the clamp, that material con-
tracts as it cools, causing the substrate to deflect up, producing
a consistent net increase in deflection during the deposition of
layers 1-14 (0-62s). The net deflection decreases during the
deposition of layers 15-35 (62-1555s). The remaining layers
cause a net increase in deflection, though the amplitude of the
oscillation decreases as the wall height increases. Once the depo-
sition concludes, indicated by the vertical dashed line at 287 s,
the deflection increases rapidly until it reaches a steady state.

The measurement-based convection model produces the best
correlation with the experimental mcasurcments in the sin-
gle wall deposition (Case 1). The lower predictcd deflection
gcnerated from the frce convection model is a consequcnce
of the greater amount of instantaneous annealing and creep
at the higher temperatures. These results demonstrate that a
measurcment-bascd convection model is required to produce
thermal and deflection results when instantaneous annealing and
creep occur.

Fig. 13 presents the measured and simulated deflection for
the double wall deposition with no dwell between layers (Case
2). The residual deflection in the part from the deposition of the
first wall in Case 1 has been subtracted from the results. The
deflection measured during the deposition of the double wall is
very different from that measured during the deposition of the
first in Case 1. The measured deflection decreases rapidly as
the wall experiences thermal expansion during the first several
dcposition layers, then increases after the sixth track (at 32 s).
Both of the simulation cases capture this trend very well. The
free convection model produces more accurate results compared
to the measurement-based forced convection model dcspitc the
inferior thermal results. This indicates that the material proper-
ties are not fully captured in the mechanical model. One possible
cause for this is that the instantaneous anncaling and creep are
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Fig. 13. A comparison of the simulated and measured deflection history of
the double wall deposition with no dwell between layers (Case 2). The dashed
vertical line indicates the deposition conclusion.

actually time dependent, as speculated by Denlinger et al. [45]
but is not accounted for in this model.

Fig. 14 presents the measured and simulated deflection during
the deposition of the single wall with a 20 s dwell between each
layer (Case 3). The deflection oscillates with each deposition
layer and experiences a net increase after each layer. Both sim-
ulation cases capture this trend. The measurement-based forced
convection model results in an over-prediction of the deflection,
whereas the free convection model under-predicts the deflection.
However, the absolute difference between each model and the
cxperiments is approximately equal.

0.6 T T v
LDS measurement
= Forced conv. modetl
05 [+ Freeconv. model !

Deflection (mm)

L A i A " . . R
[ 200 4k 600 800 1000 1200 1400 1600
Process time (s)

Fig. 14. A comparison of the simulated and measured deflection history of the
single wall deposition with a 20 s dwell between layers (Case 3). The dashed
vertical line indicates the deposition conclusion

] 12,7 25.4 38.1 50.8 63.5 76.2

X (mm)
> 600 L] Measurement
500 — Forced conv. model
E 400 teevece o Free conv. model
Em, 300 | ! |
i 2L ! {’ - i I
& 100 | i Lo |
0
~100 ! '

0 12.7 25.4 38.1 50.8
X (mm)

63.5 76.2

Fig. 15. The residual stress measurements and simulation results. The dashed
vertical line indicates the edges of the wall.

6.3. Residual stress

Fig. 15 presents the residual stress in the bottom surface of
the substrate aftcr each deposition has been allowed to cool.
The crror bars represent the measurement accuracy of the strain
gages, which is £50 MPa. For comparison, the simulated stress
from each case is extracted from the nodes along the center-
line. The measurements and each simulation case exhibit a trend
where the grcatest stress occurs under the center of the wall. The
stress decreases as the ends of the wall are approached. The wall
edges are indicated by the dashed vertical lines. In each case,
the measurement-based forced convection model produces the
highest stresses compared to the free convection model and the
best results compared to the measurements.

7. Conclusions

Experimentally measured surface convcction is implemented
into a thermo-mechanical model of DED additive manufactur-
ing. Threce different thin-wall cases, with different geometrics
and dwell times, are made to validate the thermo-mechanical
model. To illustrate the need for the measurement-based forced
convection model, a second model is developed that assumcs
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free convection on all surfaces, which is a common approach
uscd in the literature.

Comparisons between in sitn temperature mieasurements
simulation results show that the measurement-based forced con-
vection model achieves the most accurate results for each case,
with percent errors of less than 11% when compared to the
measurements, whereas the free convection model simulates
temperatures with percent errors of up to 44% for the threc
depositions. Although the measurement-based forced convec-
tion model produces supcrior results, it can be improved through
more accurate geometry specific measurements, or through val-
idated CFD analysis.

The rcsidual stress measurements and ix sitre dcflection mea-
surcments show that the measurement-based convection model
produccs more accurate stress measurements in all cases. How-
ever, the forced convection model produces more accurate
deflection in only one of the cases, despite the supcrior ther-
mal results, indicating that a more detailed mechanical model is
required.
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Appendix A. Convection measurements

Hot-film constant voltage anemometry is used to mcasure the
distribution of the surface convection generated by the deposi-
tion head. The measurements are made using three Senflex®
SF9902 single-element hot-film sensors that are adhered to the
surface of a 3.2 mm thick plexiglass plate using MACfilm® IF-
2012 adhesive. A constant voltage 1s supplicd to each sensor
using a Model 4-600 constant voltage anemometer (CVA). Both
the sensors and CVA are from Tao of Systems Integration, Inc.

Two sensors are adhered onto a plexiglass plate that is
mounted vertically to simulate the thin-wall geometry. Sensor
1 (S1) is mounted 0.8 mm below the top edge of the plate, and
Scnsor 2 (S2) is mounted 5.4 mm below the top cdge, as shown
in Fig. 16(a). The back-side of the plexiglass plate is ground so
that the top edge has a 45° angle to minimize its effect on the
argon jet. The measurements are made by positioning the bottom
of the powder delivery nozzles 9.3 mm above the top edge of the
plate and moving the head in | mm increments along the X axes.
The 9.3 mm offset is also used when depositing material. The
heat transfer coefficient, A, is calculated from the measurement
data at each increment once steady state is achieved.

The heat transfer acting on a horizontal surface is measured
by mounting a third sensor onto the center of the plexiglass
substrate, as shown in Fig. 16(b). Measurements are made by

Depostion
head

y- Powder
.~ delivery

L
" nozzles

"\\.__
e Z axis | 0.8 mm_ L
~g - axis
e 1 L D.4 mm
Sﬂﬂﬂa!____ ""f?hl‘?-.\_\
- 1 "
= N s X axis
Plexiglass | i
substrate ! Sensor 2

(a) The setup for a vertical wall

(b) The setup for a horizonal surface.

Fig. 16. The setups used to measure the forced convection.

moving the deposition head in 3 mm increments along the posi-
tivc and negative X and Y axes, which are centered at thc sensor.

Appendix B. Convection model

Fig. 17 presents the results of thc surface convcction mea-
surcments used to devclop the model. The measured convection
acting on a vertical wall using the two sensors (S1 and S2) is
presented in Fig. 17. Each point in the plot is the mean value
of four measurements and the error bars represent the standard
deviation of each measurement. The convection acting on a hor-
izontal surface, measured using S3, is presented in Fig. 17. In
this case, each point is the mean of eight measurements.

When measured on both a horizontal surface and a vertical
wall, the value of A dissipates as the distance from the centerline
of the jet increases. An exponential decay function is fit to the
measurement data:

h = he= " g (B.1)

where r is the distance from the centerline of the argon jet to the
point of interest and /i, is the value measured at the outer most
locations that the function decays to. The peak of the forced con-
vection is defined by h,. The variables 6 and ¢ are used to define
thc shape of the decay. Different values for these variables are
required for the wall and for the substrate because the convection
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Fig. 17. The results of the convection measurements.

on the wall has alesser magnitude and narrower distribution than
on the horizontal surface.

B.1. Forced convection on a vertical wall

The best fit to the wall convection data that is presented
in Fig. 17 is achieved when 6=0.107, ¢=2.7 and Howa =
25 W/m?/°C. The only variable that changes between the fit
of the two data sets is /1, which decreases from a value of
35 W/m?/°C at a distance of 0.8 mm (S1) from the top edge to a
value of 23 W/m2/°C at a distance of 5.4 mm (52).

The decrease of ,,,, as the distance from the top edge of the
wall increases is assumcd to be linear:

Rawa = —2.717z 4+ 37.174 (B.2)

where z is the distance from the top edge of the wall to the
point of interest. Substituting Eq. (B.2) in Eq. (B.1) yields the
following equation that describes the convection on a thin, single
track wide deposited wall:

Bwall = (—=2.717z + 37.174)e~ @107 | 55 (B.3)

This equation is only applicable up to a vertical distance of
13.7 mm from the top edge of thc wall. At greater distances the
effect of the jetis assumed to diminish so that /5, =0 W/m?/°C
and h,,,,, remains 25 W/m?/°C.

B.2. Forced convection on a horizontal surface

The best fit to the horizontal surface convection data that
is presented in Fig. 17 is described when 6=0.031, ¢=1.4,
Ramee = T0W/m%/°C, and ho ;.. = 30 W/m?/°C. This is only
applicable when the head is positioned so that it is depositing
directly onto the horizontal surface and not when a wall is being

B.3. Convection on the underside of the substrate

Therc is no measurement data of the surface convection that
occurs on the underside of the substrate during the deposition.
Itis assumed that it is equal to hq .-

B.4. Free convection in the absence of the argon jets

After each deposition, the argon gas jets are shut off and
no forced convection occurs. In addition, the argon atmosphere
in the deposition chamber is no longer agitated by the argon
flow. As a consequence, the convection becomes uniform on all
surfaces and equal to free convection (10 W/m2/°C).
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. Department Address. | {Home Address , Email Address & Phone #
559 Galen Driver #1

4420D Applied Sciences Bldg |g.. College, PA 16803 am3000@psu.edu 814-863-9409
4420D Applied Sciences Bldg |02 Edgeveed (e ewr101@psu.edu 814-8963-9891
St Gl PR WO =8

€

A
B
C
D
E
5.

Disclosure Execution (require(i for PSU employees only):
Name. : Signature Citizenship Date (m/d/yyy)

| A Abdalla R Massar g e USA 3 i} 20y
B | Edward W Reutzel LISA 25
Al ety \A 'ﬁf;-mr;g : 3/ p/ oY
L ) | = . .
E

6. Witness: (who has read and understands the disclosure

D ouden o e | ZACIA o Lyl

7. Research Dean or Ad ministrative Officer:
Signature: 7 ’” | Date /.’ff 1Y

i | Edovard Lis3Ra

Confidential 1o Penn State University Page 1
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PENNSTATE Technology Disclosure Form - Disclosure Number,
Office of Technology Management - J(()TM Use 0"1_?’>
g 113 Technology Center, University Park, PA 16802
814.865.6277 p - 814.865.3591 otminfo@psu.edu

‘8. Record of Invenilon: 7 ot ) ¢ ;

Event : : References/(e.g! [ab notebooks)
A | Conception of Invention:
03/14/2014 lab notebook

B | Date of Reduction to
Practice: 03/14/2014 lab notebook
C | Other (see page 4): o

D | Othcer (see page 4):

£9. Obligations to Third Parties:
A. Is this technology the result of sponsored research (either government or industry)? ---

Sponsor: OSPOSP/ORA Grant #, Contract #, or Principal Investigator
Agreement #
Office of Naval
Regearch ONR BAA 11- 003( FUN D 7| K‘76) Edward W Reutzel
2
3

B. Are there any other agreement(s) pertaining to the technology? (include: materials

bailment/transfer, consulting, confidentiality, grant-in-aid, ctc.)
Agreement Type Name of Other Party. Contact

Please attach copies of any third party agreements

10. Public'Disclosures (any publicly available and potentially enabliﬁg description
No

—see guicie‘lines, pg4):

|
Disclosure Type (please attach copies) Y.es Daie (m/d/yyyy)  Citation and/or Explanation {

A | Has the technology becn published or a manuscript Z
been submitted for publication?
B | If not, will a manuscript for the technology be r— j
submitted in the futureE? Approx. when?gy N 05/01/2014 (% (it 7 7A'Jj
C | Has the technology been described in a thesis, or %
will it be described in a thesis?
D | Hasthe technology been presented ina public . | .- e S N NPT
forumt*(e.£. 'speech, conference, poster, etc.)? X i
E | Are there any other past or future enabling %
ublications (e.g. online postings)?
‘ v [) K L DIrQ D D€ o4 () DALC [} )4 l D (] A ] 1 d (1/C A + 4
Additive Manufacturing Overhang LENS Rapid Solidification

Confidential to Penn State University Page 2
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PENNSTATE Technology Disclosure Form Disclosure Number-
Office of Technology Management (:Use Onlv).
113 Technology Center, University Park, PA 16802

) 814.865.6277 p - 814.865.3591 f - otminfo@psu.edu

Please attempt to answer the following questions. In addition to the detailed description that you attach, this information will assist in our
assessment of the technology and may increase the likelihood of patenting and commercialization success.

12/ Stage of Development: Briefly describe the status of the technology’s development. \Which of the following
terms best describe'its stag of development: concept proof of concept, prototype; working model, demo, fully.

developed? Are pamples, a protiiype, ar.ademu available foshare with prospective bicensees?.

The method has been fully developed and demonstrated. Physical specimens, produced with
the developed method, have been produced. The method can be further refined through

parameter development.

13. Please briefly describe the pi‘o_lilém that the technolbgy solves and its advantages/benefits relative to competing
{ technologies or products. What product might this invention become?

By

Deposition of overhanging structures is a critical problem in metals-based additive
manufacturing. Currently, Directed-energy and powder bed additive manufacturing processes
have limited capability to deposit overhangs. The stat of the art utilizes specially-
designed nozzles to deposit overhangs up to approximately 45 degrees or >3 axis stage
arrangements to tilt the substrate or deposition head during processing. The developed
method enables deposition of overhangs at and above 45 degrees with a 3-axis stage and
without specially-designed nozzles or tilt-table arrangements.

114, Plecase list key prior art references: i
Patents: US 20060003095 Al, US 5038014 A, US 6410105 B1, US 4323756 A, US 5837960 A

15. Please list the companies or industries that are most likely to be interested in licensing this technology:
Additive Manufacturing Industry

Optomec, Inc.
InssTek, Inc.

DM3D Technology, LLC

EOS GmbH Electro Optical Systems

16. Please list any contacts that you have (and their contact information) that we may approach in our marketing
efforts (to learn more about the market potential of the technology or to reach potential licensees):

Ri chrd Grylls, Optmec , Inc, rgrylls@optomec.com

_17. Please check the reason(s) that best describe why you submitted this invention disclosure:
X I/we believe that the invention has significant commercial potential
x

1/we believe that this invention is a platform and/or pioneering technology
I/we are aware of a specific company that is interested in licensing the technology
1/we are interested in being involved with a startup company based on this technology

To comply with the requirements of an existing rcsearch agreement and/or University policy
Other (please specify): |

Confidential to Penn State University Page 3
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PENNSTATE Technology Disclosure Form E@E‘e‘?ﬁﬁi‘m‘iﬁbé‘f“"

Office of Technology Management
113 Technology Center, University Park, PA 16802
o _814.865.6277 p - 814.865.3591 f - otminfo@psu.edu

Ea

Instructions/Guidelines

The Office of Technology Management (OTM) promotes heneficial use of Pcnn State technology by protecting, marketing, and licensing
University technologies to companies for further development and commercialization. This disclosure is valuable beeause it establishes a legal
rccord of the invention while helping to facilitate the OTM’s assessment and management of the technology. Aficr reviewing the disclosure form,

the OTM will contact the discloser(s)/inventor(s) to review the technology and discuss possiblc protection and commercialization strategics. Below
are instructions or guidelines for each section of the form.

1. The title should be descriptive but must not be *“enabling™ as dcfined in item 10 below.

2. Anach a description of the technology/invention that is sufficiently detailed to allow someonc of standard skill in your ficld of expertisc
to readily (without substantial experimentation) put the technology/invention into practice (at least to the cxtent that you are able to do so
yourself). The description should cover at least: a) bricf background and gencral purpose: b) technical description: and c) advantages

and improvements over existing methods or products. Please include diagrams of apparatuses, chemical structures, and flow charts of
processes. Often a draft journal article is sufficient,

[

List those individnals who may be considered potential inventors or who contributed to the conception or creative development of the
technology. In general terms, an inventor is someonc who contributed to the conception of the invention or to the creative further
development of an important element of the invention in reducing it to practice. Notc that this is not the same as authorship. A “pair of
hands™ who only carried out the orders of another person is not an inventor, even though such a person may be considered a co-author or
contributor in a scholarly sense. Inventorship has a legal definition and will be determined by a patent attorney at the time of filing of
any patent application. If needed, please contact the OTM or see http://wwwv.research.psu.edw/offices/otm for further guidance. Include
individuals who arc not employees of Penn State (although they are not requircd to sign the form). 1In the last column. please indicatc the
agreed upon pereent (%) contribution of cach discloser of the technology discloscd. These numbers aid in determining any monetary
distributions to the disclosers. They may be changed by mutual agrcement at a later date. Each inventor who signs this invention
disclosurc form must agree and be able to provide supporting material if requested for his/her contribution as stated here.

Since correspondence, patent application matcrials, and royalty checks are sent to the inventor’s home, each inventor must provide and
maintain a current home address with the Office of Technology Management.

5. By signing herc, each individual indicatcs approval of the disclosure, attesting that the disclosurc is true, accurate, and fully describes the
invention to the best of his/her knowledge.

6. The witness must not be directly involved with the invention but must have read and understood the disclosure.

7. The disclosure form should be submitted for signature to your Research Dean or other administrative unit responsible for handling
invention disclosurcs and forwarded to the OTM. At Penn State Hershey, submit through the Office of Technology Dev.

8. After recording the date of each event, indicate wherc records of the event may be located. “Reduction to practice™ is the physical part
of the inventive process during which the invention is shown to work as described (at lcast for the initial concept). Afer a reduction to
practice, the invention is complcte for patent law purposes in that a proof of concept test, prototypc. model, or biological strain exists that
fulfills the invention’s intended purpose. *Other” events may include any other milestones that you achieved in your continued
development of the technology that you believe relevant to the record of the invention.

There may be obligations 1o third parties if the rescarch that led to the invention uscd resources, facilities, staff, funding, or material of

another institution. whether it is a corporation, university, foundation. or government agency. Please include support for continued
development or evaluation (*Other” events) as listed in items 8C and 8D.

10. “Public Disclosure™ means any instancc in which someone outside the Penn State community, without being restricted by
confidentiality, would havc been able to legally gain access to your presented, written or printed enabling dcscription of the
tcchnology/invention — where “enabling” means sufficiently described to allow someone of average skill in the relcvant ficld of expertisc
to practice the invention. The public disclosure dates, especially the first one, arc important for patent considerations. In the United
States, a patent application must be filed within one (1) calendar vear of first public disclosurc; however, in most other countries. a
patent application must be filed before any public disclosure. An inventor who publicly discloses his/her invention before obtaining
protection can lose rights to his/her invention anywherc elsc in the world. It is therefore requested that inventors contact the Officc of
Technology Management for assistance prior to public disclosure. Note that many journals now publish online, sometimes weeks before
publishing in print. The inventor must be aware of the potential for online publishing. including enabling abstracts/posters, and indicate
these in section 10. This helps to cnsure adequate protection for the invention.

Enter some keywords useful for our background searching. patent searching. and/or categorizing the technology for marketing purposes.
An ideal set of keywords includcs terms very likely 10 occur in publications and patents related to the field of your invention as well as
terms likely to occur only in publications describing specific solutions to the problem very similar to yours.

12-17. Self Explanatory

Confidential 10 Penn State University Page 4
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- - ARL PROPRIETARY - -

ARL SUPPLEMENTAL
INVENTION DISCLOSURE FORM

(Must accompany PSU Invention/Software Disclosure Form)
last revised: 7/30/03

Invention/Software Disclosure No. (if known)

Title of Invention: Method for manufacturing overhanging material by pulsed, voxel-wise buildup

The purpose of this form is to assist in determining the value of this intellectual property
to ARL and an appropriate course of action. Please answer the questions in each
category below, then circle the number that best represents your assessment in that
category. The scale should be interpreted as follows:

N.O. 1 2 3 4 5
(no opinion) (none) (marginal/low) (moderate) (good/high) (excellent/critical)
Assessment
PATENTABILITY (NOVELTY/UTILITY)* N.O. 1 2 3 4 5

In addressing the question “What teclinologies compete with the invention? " on
page 3 of the University Invention Disclosure Form, please conduct a
preliminary patent search using US Patent and Trademark Office website
(hitp:/fwww.uspto. govipatft/index.hitml ), then identify and discuss any relevant

patents in your response. Please contact the ARL Contracts Office at 5-1541 for
assistance.

MATURITY OF THE INVENTION* 4 |NoO. 1

2 3 @B

In addressing the question “What is the status of the invention’s development?
on page 3 of the University Invention Disclosure Form, please be sure to
address:
o Whether the concept has been empirically validated,
o Whether a working prototype exists,
o The nature and level of additional R&D required to demonstrate viability
Jor transition and to generate commercial interest

* Not Applicable for Software Disclosures
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- - ARL PROPRIETARY - -

RELEVANCE TO ARL CORE
TECHNOLOGY AREAS S INO. 1 2 3 4 5

Do you consider the invention to be related to an ARL core technology area?

Yes. The invention may, in the future, be directly related to ARL's recent
emergence as a leader in additive manufacturing of metal components

How important is this invention to ARL technical leadership in this area?

Very. This invention will help ensure ARL technical leadership in Additive
Manufacturing of metals as well as open up new sub-topics for exploration

RESEARCH PLANS and STATUS [3]n0. 123 4 5

What is the status of ongoing and follow-on research programs?

Currently, funding has not been sought to refine the invention or explore its
implications on additive manufacturing.

What is the status of related program development efforts, inchiding outstanding
and/or planned proposals?

Potential proposals are being explored. None are currently being actively
pursued.

VALUE OF TECHNOLOGY TO SPONSOR ~ [Mo]NO. 1 2 3 4 5

What is the current/anticipated dollar vahie and time period of Sponsor
investment in this technology?

Funding for this invention was under an ONR research grant. The current dollar
value expanded on this invention, by the sponsor, is less than $1000.

Has the Sponsor expressed an interest in patent protection for this invention? If
ves, elaborate.

The sponsor has not been informed of the invention.

PROFESSIONAL/PERSONAL GROWTH N.O. 1 28 4 5

Are there reasons related to professional/personal growth why it is important to
pursue a patent for this invention?

Invention will aid in professional growth of the inventors.

12
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- - ARL PROPRIETARY - -

ARL CATEGORY DESIGNATION RECOMMENDATION

Please indicate your recommendation and summarize your rationale.

SELECT ONE:

1) CATEGORY I - ARL takes lead responsibility for program
development/marketing and patent expenses

[]2) CATEGORY II - Release to IPO, where IPO retains full responsibility for
marketing and patent expenses

RATIONALE/COMMENTS:

The concept has been validated and a demonstration sample is available (pictures
attached). R&D is required only to further refine concept and investigate additional
opportunities enabled by the invention. Invention is significant to one of ARL's core
technology areas--additive manufacturing of metals. The sponsoring research
program is a research grant from ONR for cyber-enabled additive manufacturing

systems. A publication may be pursued at a future date but is not imminent. The
sponsor is the Office of Naval Research.

Please submit a single form representing the opinions of all inventors. Disagreements may
be noted directly on this form, or a separate form if desired.

Please also obtain the appropriate Division or Department Head signature.

Inventor: L™~ —" Date: 03 (/Y /Zal b |
Abdille R Waussen
Inventor: S'&MN\‘,,\\MV@ Date: 2’/24/ =¥

_ Date: 3-24~\Y

NS

Dept/Division. Head: “Date:
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Distribution

Dick Fonda

Richard W. Fonda, PhD

Manufacturing Science Program Manager - 03T
Office of Naval Research
Richard.Fonda@navy.mil

703-696-6744

--and--

Head, Microstructural Evolution and Joining Section
Materials Science and Technology Division
Naval Research Laboratory
Richard.Fonda@nrl.navy.mil

(202) 767-2622

Khershed Cooper
khcooper@nsf.gov
khershed.cooper@nrl.navy.mil

Ted Reutzel
ARL Penn State

Abdalla Nassar
ARL Penn State

Lori Bierly
ARL Penn State
Ib7 @arl.psu.edu
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